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Summary 
The morphodynamics of coastal landscapes, such as embayments, estuaries, tidal 
channels and sandbars, have been systematically studied for several decades by 
field studies, empirical formulations and, increasingly, numerical models. Process-
based morphodynamic models have been recognized as useful comprehensive 
tools for studying coastal evolution. However, in practice, one of the difficulties 
of studying coastal morphodynamics arises from the broad range of temporal and 
spatial scales involved. Over decadal temporal scales, morphodynamic models 
often show limitations in reproducing natural complex morphological evolution 
patterns, such as the movement of bars and tidal channels. Due to the known 
shortcomings of the numerical modelling system, data assimilation techniques, 
whereby model output is combined with measurements, have sprung up recently 
for application in coastal morphodynamic modelling. 
The main objective of this research is to investigate the coastal meso-scale 
morphological features of tidal channel migration and channel-shoal patterns by 
means of process-based morphodynamic modelling (using the Delft3D modelling 
suite) and data assimilation (DA) techniques. The study area is in the Jade and 
Elbe Estuary in the German Bight, North Sea. 
Decadal channel migration patterns are observed in the Jade Channel and the 
Medem Channel of the Elbe Estuary. The predictive ability of morphodynamic 
modelling of tidal channel migration is firstly examined. The improvement of 
current model predictions by DA techniques is subsequently evaluated. For the 
implementation of DA methods, assumptions and approximations have to be made 
(often based on experience) in order to define the observation and background 
error covariance metrics. A systematic analysis of the user defined correlation 
length scale for the definition of the background error covariance matrix has been 
conducted. The research starts with a simplified configuration of DA by 
neglecting the correlation length scale (set to 0). The DA scheme is then reduced 
to an optimization scheme which improved the model perditions, although to a 
limited extent. Furthermore, the correlation length scale is extended spatially and 
defined in both a homogeneous and heterogeneous way. This method is referred to 
as a ‘nudging’ method, with which the model-predicted bathymetry is nudged 
  
    
towards predefined ‘true’ states. This study has highlighted the definition of the 
correlation length scale with regard to morphological features, and an optimal 
value of the correlation length scale is suggested with respect to the grid cell size. 
In order to understand and interpret the tidal channel migration and associated 
channel-shoal patterns in estuaries, a schematized morphodynamic model has 
been applied to investigate the oscillation frequency of flood/ebb dominance 
which controls the net sediment transport and long-term estuarine morphologies. 
The oscillation frequency of flood/ebb dominance is formulated and decomposed 
under three time scales. The long-term annual river discharge is found to be of 
importance for the oscillation of flood/ebb dominance. Sea level rise increases the 
depth and enhance the flood dominance and increase estuarine infill. 
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Chapter 1 General Introduction   
Chapter 1 General introduction 
1.1 Motivation and objectives 
The study of coastal morphodynamics describes the coastal behaviour which 
occurs over a broad range of temporal and spatial scales [Kraus et al., 1991]. 
Various approaches have been established to simulate the long-term behaviour of 
coastal environments, such as empirical formulations [Dean, 1990; de Vriend et 
al., 1993a; Friedrichs and Aubrey, 1988; O'Brien, 1931] and conceptual models 
[Ernstsen et al., 2005; Flemming and Bartholomä, 1997; Sha, 1989; Sha and Van 
den Berg, 1993; Van Veen et al., 2005]. Increasingly, process-based mathematical 
models have been developed and applied over the past decades and have shown to 
be capable of simulating and predicting different coastal morphologies, such as 
estuaries [Hibma et al., 2003; Hibma et al., 2004; Winter, 2006], tidal channels 
and flats [Dissanayaka et al., 2009], embayments [Van der Wegen et al., 2008], 
tidal inlets [Wang et al., 1995], and beaches [Daly et al., 2011]. However, over 
decadal temporal scales, these models often show limitations in reproducing 
natural complex morphological evolution patterns like the movement of bars and 
tidal channels [de Vriend, et al., 1993b; Scott and Mason, 2007; Winter, 2006]. In 
practice numerical morphodynamic models are based on various assumptions and 
simplifications and have uncertainty in their parameterizations [Brown et al., 
2007; Hesselink et al., 2003; Pinto et al., 2006; Ruessink, 2005]. Still the main 
challenge is to meld the longer-term morphological changes with shorter-term 
processes such as the direct effects of waves and tides [Masselink and Hughes, 
2003; Roelvink, 2006]. The evolution of small scale elements in long-term 
simulations often cannot be reproduced by morphodynamic simulations [Winter et 
al., 2006]. This holds also for the simulation of bank erosion processes, which are 
still insufficiently understood and formulated in common numerical models. 
Besides, the often coarse discretization of the steep morphological gradients leads 
to limitations in realistic simulations of gradual or abrupt bank erosion processes 
[van der Wegen et al., 2008]. 
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Tidal channels and sandbars form the ubiquitous mesoscale morphological 
features of estuaries according to the classification of de Vriend [1996]. Tidal 
channel migration and meandering is influenced by sediment transport processes, 
tides, wind, waves, bank erosion, human intervention, extreme events, and their 
interactions. The migration of tidal channels is often associated with the 
development and decay of adjacent sandbars, e.g. as observed in the tidal channel 
systems of the Elbe Estuary. The migration of a secondary Medem channel is 
associated with the growing of sandbars between the braid channels over two 
decades. Tidal channel migration is considered to be a product of the complex 
non-linear interaction between tidal channels and sandbars, which are largely 
influenced by flood/ebb dominance due to tidal asymmetry, net sediment transport 
patterns, and the resulting morphological changes. The interaction between tidal 
channels and sandbars results in the highly dynamic characterisation of estuaries. 
To the modelling of channel migration and meandering in tidal environments is 
still restricted by shortcomings of morphodynamic models, especially with regard 
to the insufficient implementation of bank erosion process in the model. Facing 
the important role of tidal channel dynamics in coastal systems and the limitations 
of current models in the reproduction of channel migration patterns, this study 
attempts to improve the morphodynamic modelling of tidal channel migration 
through the application of data assimilation (DA) techniques. DA essentially 
combines observation data with model predictions under the consideration of their 
uncertainties [Lahoz et al., 2010]. Various data assimilation schemes, such as 
variational data assimilation, Kalman filters, and optimal interpolation (OI) 
schemes, have been widely applied in climate, meteorological, and hydrodynamic 
modelling [e.g. Ghil and Malanotte-Rizzoli, 1991; Robinson and Lermusiaux, 
2000] despite being only recently introduced to coastal morphodynamic modelling 
by Scott and Mason [2007] and Smith et al [2009]. However, some pioneering 
results seem promising [Van Dongeren et al., 2008; Smith et al., 2007; Smith et 
al., 2009; Scott and Mason, 2007; Thornhill et al., 2012]. These studies are from 
theoretical investigations of DA with simple analytical models, to illustrate the 
applicability of DA with more complex coastal models. The sensitivity analysis of 
critical parameters during DA are carefully examined and discussed, yet, there is 
still room for improvement. Overall, these studies have brought insight and 
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potential for further application of DA to complex practical moprhodynamic 
models, albeit the application of DA with coastal morphodynamic models is still 
in an exploratory stage. 
Considering the strong relation of channel migration and sandbar dynamics and 
the known limitations of current models in the accurate reproduction of channel 
migration, from a different modelling perspective, an attempt has been made to 
simulate and interpret the evolution of sandbars and the resulted channel-shoal 
patterns rather than directly simulating channel migration. This calls for a study of 
estuarine flood/ebb dominance and the resulted evolution of channel-shoal 
patterns. An idealized morphodynamic model is therefore implemented. The 
advantage of using an idealized model lies in the simplicity of the model setup 
which makes them easier to understand and solve. The scientific hypothesis is 
easily tested and generic conclusions can be achieved.  
The objective and structure of this thesis is set as follows: 
(1) The testing of an optimization scheme in preparation for the development of 
DA schemes into morphodynamic simulations of tidal channel migration (Chapter 
2).  
(2) To improve the morphodynamic modelling of the migration of the Medem 
Channel in the Elbe Estuary by applying a more complex DA method (nudging) 
(Chapter 3).  
(3) To investigate the estuarine channel-shoal features due to estuarine flood/ebb 
dominance and illustrate the key processes governing the oscillation frequency of 
flood/ebb dominance with a long-term schematized morphodynamic model 
(Chapter 4).  
1.2 Study areas 
The German Bight is the south-eastern bight of the North Sea which is  bounded 
by the coasts of the Netherlands, Germany and Denmark. The most important 
waterways of the German Bight are the estuaries of and Eider, Elbe, Weser, Ems 
and Jade. Winter [2011] studied the macro scale morphodynamics of the German 
North Sea coast and highlighted that the areas with the highest morphological 
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activity in the German Bight are in the outer tidal channels of the Ems, Weser, and 
Elbe estuaries and in the Jade Bay. This study describes the long-term 
morphological evolution of the Jade tidal Channel and the Medem tidal Channel 
in the Elbe Estuary (Fig. 1.1). 
 
Figure 1.1 Location map of the Jade tidal Channel and Medem tidal Channel. 
1.2.1 The Jade 
The Jade is considered as a tidal bay rather than an estuary due to its unique 
geological development and the fact that it has no significant freshwater 
discharge. The Jade consists of the Outer Jade, tidal inlet channel, and Jade Bay, 
which covers a total area of about 180 km². The Jade Bay was largely created by 
storm floods in the North Sea during the 11th and 15th centuries [Götschenberg 
and Kahlfeld, 2008]. The tidal inlet channel which connects the Jade Bay and the 
open North Sea is about 40 km long and 3-5 km wide [Reineck and Singh, 1967]. 
The water depth of the tidal channel is up to about 20m below mean sea level 
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(MSL).  The Jade can be characterized as meso-tidal [Svenson et al., 2009]. The 
mean tidal range differs from about 2.8 m at north-west to about 3.7 m in the Jade 
Bay near Wilhelmshaven. The tidal current velocity in the deeper tidal inlets and 
channels can be larger than 1.5 m/s, while on the tidal flats it is only about 0.5 
m/s. North-west winds are most influential on the water levels of the Jade estuary. 
Storms with north-west wind can result in an increase of high water towards the 
south-east coast of 2 m or higher [Grabemann et al., 2004]. The central part of the 
channel is characterized by medium to coarse sands, while towards the banks it 
changes to fine sands with muddy components [Reineck and Singh, 1967]. The 
migration of the Jade tidal channel has been observed and reported by Chu et al 
[2011]. Analysis of observed bathymetric data between 1986 and 1996 shows a 
distinct pattern of northward migration.  
1.2.2 Elbe Estuary and Medem Channel 
The Elbe Estuary is the largest German estuary and a very important waterway 
connecting the port of Hamburg to the North Sea. The River Elbe flows about 
1094 km from its source to the North Sea covering a total catchment area of 
148,268 km2. The Elbe Estuary is dominated by a semidiurnal tide with a mean 
tidal range of about 3 m at the inlet (meso-tidal estuary). The tides are 
asymmetrical with a shorter flood period than the ebb period and a higher flood 
current speed than the ebb current speed, which leads to a flood-dominant 
character. The long term mean annual river discharge is 722 m3/s, and the flux of 
suspended particulate matter is about 800,000 tons/year [Kappenberg et al., 1995]. 
The turbidity maximum is located between about 80 km and 100 km downstream 
the Geesthacht weir [Kappenberg et al., 1995]. The morphology of the outer Elbe 
Estuary is dominated by a funnel-shaped estuary mouth, tidal flats, sandbanks, and 
two main braided tidal channels. The primary southern tidal channel serves as the 
main navigational waterway to the port of Hamburg, and the secondary northern 
channel (the Medem Channel) provides an alternative route. Futher information 
on the hydrodynamics and geomorphology of the Elbe Estuary is reported by 
Boehlich and Strotmann [2008] and the references therein. 
The Medem tidal Channel is the northern branch of a tidal channel system in the 
Elbe Estuary (Fig.1.1). The central part of the channel is characterized by medium 
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sand with grain size of 200-600 μm, while the tidal flats are fine sands with muddy 
components (grain sizes of 60-150 μm). The Medem Channel has a maximum 
depth of 16 m and width of 1.5 km. The bed elevation range (the difference of 
minimum and maximum bed elevations) of the Medem Channel area over two 
decades was shown to be more than 20 m, displaying the highest morphological 
activity of all the German Bight [Winter, 2011].  
1.3 Methods 
1.3.1 Process-based morphodynamic modelling 
State-of-the-art, process-based, morphodynamic modelling systems are standard 
tools to study the behaviour of coastal morphodynamics [Nicholson et al., 1997; 
Lesser et al., 2004]. Based on the understanding of the relevant physical processes 
involved, the physics is firstly formulated by mathematical equations and then 
implemented into computational modules. Practical morphodynamic models are 
applied to simulate coastal systems by coupling the sub-modules of hydrodynamic 
(waves and currents), sediment transport (bedload and suspended load) and bed 
evolution (Fig. 1.2). 
Hydrodynamic 
Module 
Sediment Transport 
Module 
Bed Evolution 
Module 
Bathymetry  
 
 
 
 
 
 
Fig. 1.2 Morphodynamic feedback loop.  
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In this study, the processed-based morphodynamic modelling approach was 
implemented based on modelling system of Delft3D. The applied hydrodynamic 
module (Delft3D-FLOW) simulates two-dimensional (2DH, depth-averaged) and 
three-dimensional (3D) unsteady flow and transport phenomena resulting from 
tidal and/or meteorological forcing, including the effect of density differences due 
to a non-uniform temperature and salinity distribution (density-driven flow). The 
program is based on 3D shallow water equations, the continuity equations and the 
transport equations for conservative constituents. The set of partial differential 
equations in combination with appropriate initial and boundary conditions are 
solved with a finite difference scheme. 
To facilitate long-term morphodynamic model simulation with reasonable 
computation time and reliable results, various modelling techniques have been 
developed. The input reduction techniques [de Vriend et al., 1993b], the selection 
of representative conditions [Latteux, 1995] and upscaling technique of using 
‘morphological factor’ to speed up the bed level updating [Roelvink, 2006] make 
the current model simulation more efficient. In this study, the morphodynamic 
model is applied in a 2DH mode to simulate the hydrodynamics, sediment 
transport and long-term morphological changes of the Jade and Elbe Estuary. 
1.3.2 Data assimilation  
The application of data assimilation (DA) technique is essentially a mathematical 
technique for combining observational data with model predictions to produce 
state and parameter estimates that most accurately approximate the current and 
future states of the true system. A standard DA diagram is shown in Fig.1.3. The 
principle of DA is to make sufficient use of both predictions (models) and 
observations based on their errors. Models and observations are combined with 
weights inversely related to their relative errors.  
In this study, observed bathymetric data are assimilated into a morphodynamic 
model to perform DA analysis to update the model-predicted bathymetric map, by 
a standard three-dimensional variational (3D-Var) DA method. The 3D-var 
method addresses a state which minimizes a cost function that measures the misfit 
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between the model state and the observation term. The popularity of 3D-Var 
arises from its conceptual simplicity. The DA analysis is reduced to an equivalent 
minimization problem defined by a cost function. The computation is robust and 
efficient as long as a reasonable error covariance matrix is specified. The 
application of 3D-Var requires the definition of a model (background) error 
covariance. This parameter is approximated by a model error correlation length 
scale in this study. The model error correlations govern the spreading and 
smoothing of observational information during the assimilation process. 
  
 
 
  
  
  
 
 
Fig. 1.3 Standard data assimilation flowchart.  
In preparation for the development of standard DA schemes into morphodynamic 
simulations of tidal channel migration, an optimization scheme which neglects the 
spatial and temporal correlation of both observation errors and model errors (an 
error correlation length equal to 0) is firstly tested. However, the model errors 
often have spatial correlations which may have considerable influence on the DA 
analysis. Therefore, a nudging method is proposed by taking the spatial 
correlation of model errors into consideration (set of error correlation length 
spatially homogeneous and heterogeneous). The model predictions are therefore 
nudged towards the predefined true states. 
Forcing 
Errors 
Errors 
 Data Assimilation 
Observations  
Analysis 
 
Model 
Updated 
Model Results 
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1.4 Results 
The main results of this thesis are summarized in three papers as first author 
(Paper I-III) listed below and presented in Chapter 2-4. 
1.4.1 Paper I 
 
Optimization Scheme for Coastal  
Morphodynamic Model 
 
 
 
Kai Chu, Christian Winter , Dierk Hebbeln, Michael Schulz 
 
 
Journal of Coastal Research, SI 64 (Published) 
 
 
The model predicted and observed morphological changes of the Jade Channel 
over a 10-year period are combined using an optimization scheme. The updated 
bathymetry was used as the initial bathymetry for a second model simulation of 
the following 6-year period. Brier Skill Score (BSS) analysis suggests that with an 
updated initial bathymetry calculated from the optimization scheme, the model 
performance is improved.  
 
1.4.2 Paper II 
 
Improvement of morphodynamic modelling of tidal channel migration by nudging  
 
 
 
 
Kai Chu, Christian Winter , Dierk Hebbeln, Michael Schulz 
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Journal of Coastal Engineering (Published) 
 
The model predicted and observed morphological changes of the Medem Channel 
over two decades are combined by a nudging method. Sensitivity analysis 
suggests that the optimal error correlation length is similar to the grid cell size 
(here 80-90 m). Spatially heterogeneous correlation lengths produce more realistic 
channel depths than do spatially homogeneous correlation lengths. Consecutive 
application of the nudging method compensates for the (stand-alone) model 
prediction errors and corrects the channel migration pattern, with a Brier Skill 
Score of 0.78. 
1.4.3 Paper III 
 
Long term morphodynamic modelling of estuarine flood and ebb dominance  
 
 
Kai Chu, Christian Winter , Michael Schulz 
 
Geo-Marine Letters (submitted) 
 
The oscillation of estuarine flood/ebb dominance are found under three main 
frequencies: A long term system adaptation (period O(6000a), a meso scale 
oscillation (O(600a), and the upscaled direct tidal boundary effects. The meso 
scale oscillation is related to the channel-shoal patterns and mainly influenced by 
run-off river discharge. Imposed sea level rise reduces the ebb flow enhancement 
by frictional effects and enhances the flood dominance and consequently increases 
estuarine infill. 
 - 10 -  
Chapter 1 General Introduction   
References 
Boehlich, M., Strotmann, T., 2008. The Elbe Estuary. Die Küste 74, 288-306. 
Brown, J.D., Spencer, T., Moeller, I., 2007. Modelling storm surge flooding of an 
urban area  with particular reference to modelling uncertainties: a case study 
of Canvey Island, United Kingdom. Water Resource Research 43. 
the implicit solution of a diffusion equation. Ocean Modelling 35, 45-53. 
Chu, K., Winter, C., Hebbeln, D., Schulz, M., 2011. Optimization Scheme for a 
Coastal Morphodynamic Model. Journal of Coastal Research, SI 64. 
Daly, C.J., Bryan, K.R., Roelvink, J.A., Klein, A.H.F., Hebbeln, D., Winter, C. 
2011. Morphodynamics of embayed beaches: the effect of wave conditions. 
Journal of Coastal Research, SI 64. 
De Vriend, H.J., Zyserman, J., Nicholson, J., Roelvink, J.A., Péchon, P., 
Southgate, H.N., 1993a. Medium-term 2DH coastal area modelling. Coastal 
Engineering, 21(1-3), 193- 224. 
De Vriend, H.J., Capobianco, M., Chesher, T., de Swart, H.E., Latteux, B., Stive, 
M.J.F., 1993b. Approaches to long-term modelling of coastal morphology: a 
review. Coastal Engineering 21, 225-269. 
De Vriend, H.J., 1996. Mathematical modelling of meso-tidal barrier island coasts: 
Part I. Empirical and semi-empirical models. In: Liu, P.L.-F., (Eds.), 
Advances in Coastal and Ocean Engineering, vol. 2, pp. 115-149. 
Dean, R.G., 1990. Equilibrium beach profiles: characteristics and applications. 
Journal of Coastal Research 7, 53- 84. 
Dissanayake, D.M.P.K., Roelvink, J.A., van der Wegen, M., 2009. Modeled 
channel patterns in a schematized tidal inlet. Coastal Engineering 56, 1069-
1083. 
Ernstsen, V.B., Noormets, R., Winter, C., Hebbeln, D., Bartholomae, A., 
Flemming, B.W., Bartholdy, J., 2005. Development of subaqueous 
barchanoid-shaped dunes due to lateral grain size variability in a tidal inlet 
channel of the Danish Wadden Sea. Journal of Geophysical Research 110(F4), 
13. 
Flemming, B.W., Bartholomä, A., 1997. Response of the Wadden Sea to a rising 
sea level: a predictive empirical model. German Journal of Hydrography 49, 
343-353. 
 - 11 -  
Chapter 1 General Introduction   
Friedrichs, C.T., Aubrey, D.G., 1988. Non-linear tidal distortion in shallow well-
mixed estuaries: a synthesis. Estuarine, Coastal and Shelf Science 27, 521-545. 
Ghil, M., Malanotte-Rizzoli, P., 1991. Data assimilation in meteorology and 
oceanography. Advances in Geophysics, 33, 141-266. 
Götschenberg, A., Kahlfeld, A., 2008. The Jade. Die Küste 74, 263-274. 
Grabemann, H.-J., Grabemann, I., Eppel, D.P., 2004. Climate change and 
hydrodynamic impact in the Jade-Weser area: a case study. Geographie der 
Meere und Küsten, Coastline Reports 1, pp 83-91. 
Hesselink, A.W., Stelling, G.S., Kwadijk, J.C., Middelkoop, H., 2003. Inundation 
of a Dutch river polder, sensitivity analysis of a physically based inundation 
model using historic data. Water Resource Research 39, 1234. 
Hibma, A., de Vriend, H.J., Stive, M.J.F., 2003. Numerical modelling of shoal 
pattern formation in well-mixed elongated estuaries. Estuarine, Coastal and 
Shelf Science, 57(5-6), 981-991. 
Hibma, A., Stive, M.J.F., Wang, Z.B., 2004. Estuarine morphodynamics. Coastal 
Engineering, 51(8-9), 765-778. 
Kappenberg, J., Schymura, G., Fanger, H.-U., 1995. Sediment dynamics and 
estuarine circulation in the turbidity maximum of the Elbe River. Netherlands 
Journal of Aquatic Ecology 29 (3-4), 229-237. 
Kraus, N.C., Larson, M., Kriebel, D.L., 1991. Evaluation of beach erosion and 
accretion predictors, Coastal Sediments’91. ASCE, Seattle, pp. 527-587. 
Lahoz, W., Khattatov, B., Menard, R. (Eds.), 2010. Data Assimilation: Making 
Sense of Observations. Springer. 
Latteux, B., 1995. Techniques for long-term morphological simulation under tidal 
action. Marine Geology 126(1-4), 129-141. 
Lesser, G.R., Roelvink, J.A., van Kester, J.A.T.M., Stelling, G.S., 2004. 
Development and validation of a three-dimensional morphological model. 
Coastal Engineering 51, 883–915. 
Masselink, G., Hughes, M.G., 2003. Introduction to Coastal Processes and 
Geomorphology. Arnold, London. 
Nicholson, J., Broker, I., Roelvink, J.A., Price, D., Tanguy, J.M., Moreno, L. 1997. 
Intercomparison of coastal area morphodynamic models. Coastal Engineering 
31, 97-123. 
 - 12 -  
Chapter 1 General Introduction   
O'Brien, M.P., 1931. Estuary tidal prisms related to entrance areas. Civil 
Engineering 1(8), 738-739. 
Pinto, L., Andre, B., Fortunato, P.F., 2006. Sensitivity analysis of non-cohesive 
sediment transport formulae. Continental Shelf Research 26, 1826-1839. 
Reineck, H.E., Singh, I.B., 1967. Primary sedimentary structures in the recent 
sediments of the Jade, North Sea. Marine Geology 5,  227-235. 
Robinson, A.R., Lermusiaux, P.F.J., 2000. Overview of data assimilation, Harvard 
University Reports in Physical/Interdisciplinary, Ocean Science 62. 
Roelvink, J.A., 2006. Coastal morphodynamic evolution techniques. Coastal 
Engineering 53, 277-287. 
Ruessink, B., 2005. Predictive uncertainty of a nearshore bed evolution model. 
Continental Shelf Research 25, 1053-1069. 
Scott, T.R., Mason, D.C., 2007. Data assimilation for a coastal area 
morphodynamic model: Morecambe Bay. Coastal Engineering 54, 91-109. 
Sha, L.P., 1989. Variation in ebb-delta morphologies along the West and East 
Frisian islands, The Netherlands and Germany. Marine Geology 89, 11-28. 
Sha, L.P., Van den Berg, J.H., 1993. Variation in ebb-tidal delta geometry along 
the coast of the Netherlands and the German Bight. Journal of Coastal 
Research 9 (3), 730-746. 
Smith, P.J., Baines, M.J., Dance, S.L., Nichols, N.K., Scott, T.R., 2007. Simple 
models of changing bathymetry with data assimilation. Numerical analysis 
report 10/2007, Department of Mathematics, The University of Reading. 
Smith, P.J., Dance, S.L., Baines, M.J., Nichols, N.K., Scott, T.R., 2009. 
Variational data assimilation for parameter estimation: application to a simple 
morphodynamic model. Ocean Dynamics 59, 697-708. 
Svenson, C., Ernstsen, V.B., Winter, C., Bartholomä, A., Hebbeln, D., 2009. Tide-
driven sediment variations on a large compound dune in the Jade tidal inlet 
channel, southeastern North Sea. Journal of Coastal Research SI 56, 361-365. 
Thornhill, G.D., Mason, D.C., Dance, S.L., Lawless, A.S., Nichols, N.K., Forbes, 
H.R., 2012. Integration of a 3D variational data assimilation scheme with a 
coastal area morphodynamic model of Morecambe Bay. Coastal Engineering 
69, 82-96.  
Van der Wegen, M., Wang, Z.B., Savenije, H.H., Roelvink, J.A., 2008. Long-term 
morphodynamic evolution and energy dissipation in a coastal plain, tidal 
 - 13 -  
Chapter 1 General Introduction   
 - 14 -  
embayment. Journal of Geophysical Research 113, F03001. 
doi:10.1029/2007JF000898. 
Van Dongeren, Ap., Plant, N., Cohen, A., Roelvink, D., Haller, M.C., Catalan, P., 
2008. Beach Wizard: Nearshore bathymetry estimation through assimilation of 
model computations and remote observations. Coastal Engineering 55, 1016-
1027. 
Van Veen, J., van der Spek, A.J.F., Stive, M.J.F., Zitman, T., 2005. Ebb and flood 
channel systems in the Netherlands tidal waters. Journal of Coastal Research 
21(6). 1107-1120. 
Wang, Z.B., Louters, T., De Vriend, H.J., 1995. Morphodynamic modelling for a 
tidal inlet in the Wadden Sea. Marine Geology, 126(1-4), 289-300. 
Winter, C., Chiou, M., Riethmüller, R., Ernstsen, V., Flemming, B.W., 2006. On 
the concept of “representative tides” in morphodynamic numerical modelling. 
Geo-Marine Letters 26(3), 125 – 132. 
Winter, C., 2006. Meso-Scale Morphodynamics of the Eider Estuary: Analysis 
and   Numerical Modelling. Journal of Coastal Research, SI 39, 498 - 503. 
Winter, C., 2011. Macro scale morphodynamics of the German North Sea coast. 
Journal of Coastal Research, SI 64 (Proceedings of the 11th International 
Coastal Symposium), 706-710, Szczecin, Poland, ISSN 0749-0208. 
 
 
Chapter 2 Paper I   
Chapter 2 Paper I 
 
 
 
Optimization Scheme for Coastal  
Morphodynamic Model 
 
 
 
 
 
Kai Chu a,b, Christian Winter a , Dierk Hebbeln a,b, Michael Schulz a 
 
 
a MARUM - Center for Marine Environmental Sciences, University of Bremen, 
Leobener Straße, 28359 Bremen, Germany 
b GLOMAR – Bremen International Graduate School for Marine Sciences, 
University of Bremen, Leobener Straße, 28359 Bremen, Germany 
 
 
 
Journal of Coastal Research, SI 64 (Published) 
 
 
 
 - 15 -  
Chapter 2 Paper I   
Abstract 
To understand the hydrodynamics, sediment transport and morphological changes 
of the Jade tidal channel and the Jade Bay in the German Bight, Southern North 
Sea, a series of 2DH numerical morphodynamic models was set-up to simulate the 
morphological changes. Morphodynamic models are limited in terms of their 
predictive skills to reproduce mesoscale (temporal scales of years to decades, 
spatial scales of kilometers to tens of kilometers) erosion and deposition patterns 
of the Jade tidal channel due to the complex physical processes; uncertainty of 
topography changes and model parameterization. This paper investigates the use 
of a combination of model predictions and observations, which is referred to as an 
‘optimization scheme’ in this study. The model predicted and observed 
morphological changes over a 10-year period are combined with weights inversely 
related to their relative errors. The updated morphological changes and updated 
bathymetry are achieved by minimizing the total errors of predictions and 
observations by using a cost function. The updated bathymetry was used as initial 
bathymetry for a second model simulation of the following 6-year period. The 
Brier Skill Scores (BSS) are adopted to assess the ability of model predictions. 
Preliminary results have shown that with updated initial bathymetry calculated 
from the optimization scheme, the model performance is improved. Success of 
applying optimization scheme on the morphodynamic model of Jade estuary has 
shown the potential of using combination of models and observations in future 
coastal area morphodynamic models. 
2.1 Introduction 
In the recent past the attention to global climate change and its local effects have 
highlighted the significance of providing information on the natural evolution of 
coastal morphology, human impact assessment and on natural disaster prediction 
and management [e.g. Sterr et al., 2003; Szlafsztein and Sterr, 2007; Nicholls et 
al., 2007]. Coastal morphodynamic models have shown to be useful for studying 
coastal evolution [Lesser et al., 2004], but  are still known to be limited in terms 
of their predictive skills due to model formulation, set-up, driving and application 
shortcomings [Hesselink et al., 2003]. To meld the longer-term morphological 
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changes with shorter-term processes such as waves and tides is still the main 
challenge [Masselink and Hughes, 2003]. Furthermore, models usually suffer 
from uncertainty in their parameters in practice [Ruessink, 2005], which will 
consequently lead to poor model performances in detail. A possible approach is to 
combine models and observed data in a way which is referred to as an 
‘optimization scheme’ in this study. The technique of combining numerical 
models and data in data assimilation schemes has been widely applied in climate-, 
meteorological- and hydrodynamic modelling [e.g. Ghil and Malanotte-Rizzoli, 
1991; Robinson and Lermusiaux, 2000]. For coastal morphodynamic models this 
approach is rare, however some studies show promising results: A variational data 
assimilation scheme had been applied on a simple 1D morphodynamic model, 
which improves the capability of model to predict future bathymetry and model 
results also show the potential for the application to more complex 
morphodynamic models [Smith et al., 2009]. Scott and Mason [2007] investigate 
the use of data assimilation in morphodynamic modelling of Morecambe Bay over 
a 3-year period.  
In preparation for the development of data assimilation schemes by use of annual 
observed bathymetric data of two decades into a morphodynamic simulation, here 
an optimization scheme is tested. A process based numerical model for an 
exemplary region has been set-up and calibrated against hydrodynamic water-
level conditions throughout the model domain. The optimization analysis is 
carried out after a decadal simulation period from 1986 to 1996. The updated 
bathymetry in 1996 is used as an initial bathymetry for the next model run from 
1996 to 2002. The performance of model simulations with and without applying 
optimization scheme was evaluated using Brier Skill Scores (BSS). 
2.2 Study area  
The Jade estuary is situated in the Southeastern North Sea (Fig. 2.1). It consists of 
deep tidal inlet channel and the Jade Bay which totally covers the area 
approximately between 53.8°N/7.9°E and 53.4°N/8.3°E. The tidal channel is 
about 40km long and 3-5km wide, which connects the Jade Bay and the open 
North Sea [Reineck and Singh, 1967]. The water depth of the tidal channel is up to 
about 20m below mean sea level (MSL).  
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Fig. 2.1 Study area of the Jade tidal channel and the Jade Bay in the German Bight, Southern 
North Sea. 
The Jade estuary can be characterized as meso-tidal [Svenson et al., 2009]. The 
mean tidal range differs from about 2.8 m at north-west to about 3.7 m in the Jade 
Bay near Wilhelmshaven. The tidal currents velocity in the deeper tidal inlets and 
channels can be larger than 1.5 m/s while on the tidal flats it is only about 0.5 m/s. 
The north-west wind gives most influence on the water levels of the Jade estuary. 
Storms with north-west wind result in an increase of high water towards the south-
east coast of 2 m and higher [Grabemann et al., 2004]. The central part of the 
channel is characterized by medium to coarse sand, while towards the banks it 
changes to fine sands with muddy components [Reineck and Singh, 1967].  
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2.3 Methods 
2.3.1 Model setup 
A 2DH morphodynamic model of the Jade estuary is set-up based on the 
modelling system DELFT3D. The model covers the study area between 
53.8°N/7.9°E and 53.4°N/8.3°E with a grid cell resolution of 200 m by 200 m. 
The coordinate system used in the model is UTM (Zone32). Three open 
boundaries are defined at the western, northern and the northeastern margins of 
the model domain. The open boundary conditions are set as water levels (9 
astronomical tidal constituents). The model bathymetry is interpolated from 
observed samples which also have a resolution of 200 m by 200 m. Rectilinear 
model grid geometry has been chosen for the morphodynamic simulations in order 
to avoid grid related dynamic patterns. Fig. 2.2 shows the grid with a model 
bathymetry derived from bathymetric data of 1986. 
 
Fig. 2.2   Model grids with initial bathymetry from 1986. 
The model has been calibrated and validated on the basis of measured water-level 
time-series throughout the model domain. Exemplary comparisons of the observed 
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and predicted water levels at Wilhelmshaven and Schillig are shown in Fig. 2.3.  
Generally, the observed and predicted water levels are in agreement of phase at 
both stations. Discrepancies of amplitude are assumed to be mainly due to the 
inaccuracy of the forcing data, e.g. tidal boundary conditions.  
 
Fig. 2.3 Comparison of observed and computed water levels in January of 2010 at stations a) 
Wilhelmshaven, b) Schillig. 
According to Reineck and Singh [1967], the sediment consists of different 
components (from fine sands to medium and coarse sands) at different locations of 
the system. For simplification of modelling, non-cohesive sediments with median 
sediment diameter of 200 μm are considered as the only fraction of sand in the 
model. This model is set up to simulate the hydrodynamics, sediment transport 
and morphological changes (e.g. channel migration) of the Jade estuary. The 
transport formulations used in the model are based on Van Rijn [1993] which 
makes distinction between suspended load and bed load. In terms of the 
morphodynamic updating, Roelvink [2006] suggests an approach that the bed level 
changes computed every hydrodynamic time step is amplified by a morphological 
factor and updated bed level is used in the next hydrodynamic time step. In this 
study, a value of 120 is used as the morphological factor to amplify the 
hydrodynamic run of one month to morphodynamic run of a 10-year period. 
2.3.2 Optimization scheme  
An optimization scheme is applied that makes use of both model predictions and 
observations based on their errors. Bathymetry changes (erosion and deposition) 
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from model-runs and observations are combined with weights inversely related to 
their relative errors. The ‘best’ model state and model parameter sets are achieved 
by minimizing the total errors of predicted and observed bathymetry changes by 
using a cost function J (z).  
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The cost function (Equation 2.1) contains two terms which represent model 
predictions and observations respectively. In the cost function, zb represents the 
bathymetry changes from model output and y represents the bathymetry changes 
from observations. Model prediction errors mainly derive from the imperfectness 
of representing the natural system by model discretization and parameterizations. 
σb2 is the model error covariance which is represented by the difference between 
model predicted bathymetry changes zb and observed bathymetry changes y. 
Observation errors mainly come from the instrumental errors and interpolation 
from observed samples to model grid cells. The observation errors are represents 
by R. According to the relevant authorities providing the observed bathymetry 
data, the observation error is in the order of 0.01m2.  
The purpose of using the cost function is to find out the ‘best’ bathymetry changes 
z based on both model predictions and observations. If the model errors σb2 are 
relatively larger than the observation errors R, a higher weight (1/R) is given to 
observation term which means the updated bathymetry changes z is based more on 
observed bathymetry changes y than on predicted bathymetry from model zb, and 
vice versa. 
In order to calculate z, the derivative of J (z) is set equal to zero as shown in 
Equation 2.2. And z can be computed from Equation 2.3 directly.  
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2.4 Results 
Analysis of observed bathymetric data between 1986 and 1996 is shown in Fig. 
2.4. There is a distinct pattern of channel migration in the circled area. On its path 
extended northward to the North Sea, the tidal channel firstly migrated 
northeastward, approximately parallel to the old channel. Further northward the 
tidal channel migrated again, roughly in the same direction. 
 
Fig. 2.4 Observed morphological changes between 1986 and 1996: a) Observed deposition 
pattern, b) Observed erosion pattern, c) Observed morphological changes, negative and positive 
values represent erosion and deposition respectively. 
A free run with tidal harmonic boundary conditions without meteorological 
forcing results in distinct patterns of erosion and deposition which is shown in Fig. 
2.5(a). However, the model did not reproduce the observed morphological 
changes very well. This is mainly due to the model parameterization which 
consequently leads to less input of reality. For instance, only one fraction of sand 
is considered over the entire model domain and the model is driven only by tides 
without taking waves and winds into consideration. Furthermore, there is some 
unrealistic deposition of sediment near the northern boundary as calculated by the 
model which is mainly because the initial bathymetry used in the model is from 
interpolation of scattered samples and thus, the local topography is not smoothed 
very well. With application of optimization scheme which combines the observed 
and modeled morphological changes, Fig. 2.5(b) shows the updated 
morphological changes. The updated morphological changes is quite close to the 
observed morphological changes which indicates that on average the model errors 
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are larger than the observation errors and the updated morphological changes are 
based on more on observations. Fig. 2.5(c) shows the updated bathymetry in 1996 
which is a sum of initial bathymetry in 1986 and updated morphological changes. 
It needs to be pointed out that the optimization scheme could not be applied over 
the whole model domain due to the limitation of available spatial observation 
data. For those areas where the optimization scheme is not applied, the bathymetry 
from model run is used as the updated bathymetry. 
 
Fig. 2.5  Results of optimization scheme: a)  Modeled morphological changes between 1986 and 
1996, negative and positive values represent erosion and deposition respectively, b)  Updated 
morphological changes between 1986 and 1996, negative and positive values represent erosion 
and deposition respectively, c) Updated bathymetry of 1996,  negative values represent areas 
below MSL. 
The updated bathymetry of 1996 is taken as the initial bathymetry for the second 
model run from 1996 to 2002, by considering that there are more observation 
samples covering the model domain in the year of 2002. In order to test the 
feasibility of optimization scheme, a third model run is carried out from 1996 to 
2002 with the same model configuration as the second model run except that the 
initial bathymetry used in the model is from filed observation instead of updated 
initial bathymetry. 
The ability of model predictions was assessed using the Brier Skill Scores (BSS) 
in this study. In general, accepted skill scores have been widely applied for many 
years in meteorological modelling [Murphy and Winkler, 1987]. In terms of 
morphodynamic modelling, Sutherland et al. [2004] evaluated the performance of 
morphological models using BSS.  
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 In this study, the BSS is expressed as:  
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In which bm´ is model predicted bathymetry at each model grid cell in 2002 from 
the second model simulation, bo is observation of bathymetry in 2002 and bm is 
model predicted bathymetry at each model grid cell in 2002 from the third model 
simulation, n is the total number of grid cells. BSS of 1 indicates that the predicted 
bathymetry bm´ equals to observed bathymetry bo. If BSS equals to 0, then on 
average the prediction bm´ cannot be closer to the observed bathymetry bo than bm 
can. A negative value of BSS means that on average the predicted bathymetry bm´ 
is further from the observation bo than bm, or in other words, the predicted 
bathymetry from the second simulation is even worse than the third simulation 
and the proposed optimization scheme does not improve the model performance.  
The calculated BSS from Equation 2.4 is 0.1. The positive value of BSS indicates 
that with updated initial bathymetry from the optimization scheme, on average the 
model is more ‘skillful’ than the model with observed initial bathymetry, however, 
to a limited extent. The major reason is the model error is relatively larger than the 
observation errors, thus the updated bathymetry is based much more on 
observations than models. The contribution of the model to the updated 
bathymetry is less than the observations. 
2.5 Discussion 
Observed bathymetry analysis reveals an interesting pattern of erosion and 
deposition of Jade estuary which is not reproduced well enough by the 
morphodynamic model. The morphodynamic model is driven only by tides 
without considering meteorological forcing, such as waves and winds, which 
result in less input of reality. A dataset with high resolution of spatial and 
temporal wind and wave samples is required for validating and improving the 
presented model results.  
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Initial bathymetry used in the model should be handled carefully. Local 
topography is a large source of uncertainty to the model. Also a large 
morphological factor will enlarge the uncertainty of topography changes and 
cause unrealistic erosion and deposition patterns. 
Observation error used in the optimization scheme is a spatial and temporal 
constant value of 0.01m2. Multisource of observed bathymetric datasets such as 
satellite images, multibeam echo sounder, will provide possibility to calculate 
more accurate observation errors. 
With restriction of observed bathymetric data, application of the optimization 
scheme on numerical models is only appraised once. The consistence of the 
optimization scheme needs to be examined further in future studies. 
In the procedure of applying the optimization scheme on numerical models, only 
the initial bathymetry of the model was updated. In this preliminary study model 
parameter (such as bottom roughness and boundary conditions) estimation has not 
been carried out. Assemble model simulations are proposed to evaluate the 
influence of different model parameter sets on the model performance. 
A BSS of 0.1 shows the improvement of the model performance by the 
optimization scheme although to a narrow extent. By improving the model 
predictions and reducing the model errors, advantages of the model will be taken 
more by the optimization scheme and higher BSS value is supposed to be 
achieved.   
2.6 Conclusion 
This study aims at testing the applicability of an optimization scheme on 
morphological model. The Jade tidal channel and Jade Bay in the German Bight, 
Southern North Sea was selected as the case study area. Morphological changes of 
the Jade Estuary were studied by means of process based morphodynamic models 
and the proposed optimization scheme which combines the model predictions and 
observations. 
Observation analysis has shown a distinct pattern of channel migration of the Jade 
tidal channel, which is of great interest for studying the physical process of 
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sediment transport and morphological changes of the Jade Estuary. The numerical 
model simulated the hydrodynamics of Jade Estuary fairly well. However, the 
numerical simulation did not reproduce the erosion and deposition pattern well 
enough due to the limitations of numerical models and lack of model inputs of 
reality. 
The optimization scheme applied on morphodynamic models was examined in 
this study; the combination of model predicted and observed morphological 
changes have updated the erosion and deposition pattern and also the bathymetry. 
The Brier Skill Score (BSS) was taken on evaluating the performance of 
numerical models. Preliminary results have shown the potential of optimization 
schemes in improving model predictive abilities.  
Acknowledgement 
This study was funded through DFG/Research Center MARUM at the University 
of Bremen. Sincere gratitude to the Federal Maritime and Hydrographic Agency 
(BSH) of Germany for providing observed bathymetric date for the research. 
References 
Ghil, M., Malanotte-Rizzoli, P., 1991. Data assimilation in meteorology and 
oceanography. Advances in Geophysics 33, 141-266. 
Grabemann, H.-J., Grabemann, I., Eppel, D.P., 2004. Climate change and 
hydrodynamic impact in the Jade-Weser area: a case study. Geographie der 
Meere und Küsten, Coastline Reports 1, pp 83-91. 
Hesselink, A.W., Stelling, G.S., Kwadijk, J.C., Middelkoop, H., 2003. Inundation 
of a Dutch river polder, sensitivity analysis of a physically based inundation 
model using historic data. Water Resource Research 39, 1234. 
Lesser, G.R., Roelvink, J.A., van Kester, J.A.T.M., Stelling, G.S., 2004. 
Development and validation of a three-dimensional morphological model. 
Coastal Engineering 51, 883-915. 
Masselink, G., Hughes, M.G., 2003. Introduction to Coastal Processes and 
Geomorphology. Arnold, London. 
 - 26 -  
Chapter 2 Paper I   
Murphy, A.H., Winkler, R.L., 1987. A general framework for forecast verification. 
Monthly Weather Reviews 115, 1330-1338. 
Nicholls, R., Wong, P., Burkett, V., Codignotto, J., Hay, J., McLean, R., 
Ragoonaden, S., Woodroffe, C., 2007. Chapter 6: coastal systems and low-
lying areas. In: Climate change 2007: impacts, adaptation and vulnerability. 
Contribution of working group II to the fourth assessment report of the 
intergovernmental panel on climate change. Cambridge: Cambridge 
University Press, pp 315–356. 
Reineck, H.E., Singh, I.B., 1967. Primary sedimentary structures in the recent 
sediments of the Jade, North Sea. Marine Geology 5,  227-235. 
Robinson, A.R., Lermusiaux, P.F.J., 2000. Overview of data assimilation, Harvard 
University Reports in Physical/Interdisciplinary, Ocean Science 62. 
Roelvink, J.A., 2006. Coastal morphodynamic evolution techniques. Coastal 
Engineering 53, 277-287. 
Ruessink, B., 2005. Predictive uncertainty of a nearshore bed evolution model. 
Continental Shelf Research 25, 1053-1069. 
Scott, T.R., Mason, D.C., 2007. Data assimilation for a coastal area 
morphodynamic model: Morecambe Bay. Coastal Engineering 54, 91-109. 
Smith, P.J., Dance, S.L., Baines, M.J., Nichols, N.K., Scott, T.R., 2009. 
Variational data assimilation for parameter estimation: application to a simple 
morphodynamic model. Ocean Dynamics 59, 697-708. 
Sterr, H., Klein, R. J. T., Reese, S. , 2003. Climate change and coastal zones: an 
overview of the state-of-the-art on regional and local vulnerability assessment. 
In: GIUPPONI, C. and SHECHTER, M. (ed.), Climate change in the 
Mediterranean: socio-economic perspectives of impacts, vulnerability and 
adaptation. Cheltenham, UK and Northampton, MA, USA, pp. 245-278. 
Sutherland, J., Peet, A.H., Soulsby, R.L., 2004. Evaluating the performance of 
morphological models. Coastal Engineering 51, 917–939. 
Svenson, C., Ernstsen, V.B., Winter, C., Bartholomä, A., Hebbeln, D., 2009. Tide-
driven sediment variations on a large compound dune in the Jade tidal inlet 
channel, southeastern North Sea. Journal of Coastal Research SI 56, 361-365. 
Szlafsztein, C., Sterr. H., 2007. A GIS-based vulnerability assessment of coastal 
natural hazards, state of Pará, Brazil. Journal of Coastal Conservation 11, 53-
66. 
 - 27 -  
Chapter 2 Paper I   
 - 28 -  
Van Rijn, L.C., 1993. Principles of Sediment Transport in Rivers, Estuaries and 
Coastal Seas. Aqua Publications, Amsterdam, Netherlands. 
 
 
Chapter 3                            Paper II 
Chapter 3 Paper II 
 
 
 
Improvement of morphodynamic modelling of tidal 
channel migration by nudging  
 
 
 
 
 
Kai Chu a,b, Christian Winter a , Dierk Hebbeln a,b, Michael Schulz a 
 
 
a MARUM - Center for Marine Environmental Sciences, University of Bremen, 
Leobener Straße, 28359 Bremen, Germany 
b GLOMAR – Bremen International Graduate School for Marine Sciences, 
University of Bremen, Leobener Straße, 28359 Bremen, Germany 
 
 
 
Journal of Coastal Engineering (Published) 
 
 
 
 - 29 -   
Chapter 3                            Paper II 
Abstract 
State-of-the-art process-based models have shown to be applicable to the 
simulation and prediction of coastal morphodynamics. On annual to decadal 
temporal scales, these models may show limitations in reproducing complex 
natural morphological evolution patterns, such as the movement of bars and tidal 
channels, e.g. the observed decadal migration of the Medem Channel in the Elbe 
Estuary, German Bight. Here a morphodynamic model is shown to simulate the 
hydrodynamics and sediment budgets of the domain to some extent, but fails to 
adequately reproduce the pronounced channel migration, due to the insufficient 
implementation of bank erosion processes. In order to allow for long-term 
simulations of the domain, a nudging method has been introduced to update the 
model-predicted bathymetries with observations. The model-predicted bathymetry 
is nudged towards true states in annual time steps. Sensitivity analysis of a user-
defined correlation length scale, for the definition of the background error 
covariance matrix during the nudging procedure, suggests that the optimal error 
correlation length is similar to the grid cell size, here 80–90 m. Additionally, 
spatially heterogeneous correlation lengths produce more realistic channel depths 
than do spatially homogeneous correlation lengths. Consecutive application of the 
nudging method compensates for the (stand-alone) model prediction errors and 
corrects the channel migration pattern, with a Brier skill score of 0.78. The 
proposed nudgingmethod in this study serves as an analytical approach to update 
model predictions towards a predefined ‘true’ state for the spatiotemporal 
interpolation of incomplete morphological data in long-term simulations.  
3.1 Introduction 
Global climate change and its projected local effects on coastal systems have led 
to growing attention on studying the physical evolution of coastal morphology [de 
Vriend et al., 1993a; Southgate, 1995; Smith et al., 2009; Plater and Kirby, 2012]. 
Various approaches have been established to simulate the long-term behavior of 
coastal environments [Dissanayake et al., 2009]. Empirical formulations have 
been shown to identify equilibrium states and spatiotemporal deviations from 
these [O’Brien, 1931; Friedrichs and Aubrey, 1988; Dean, 1990; de Vriend et al., 
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1993b]. Also process-based mathematical models have been developed and 
applied over the past decades. Nowadays morphodynamic modelling systems, 
which combine computational modules for the simulation of waves, currents, 
sediment transport and bed evolution, are standard tools for coastal research and 
decision making in coastal zone management [Nicholson et al., 1997; Lesser et 
al., 2004]. State-of-the-art morphodynamic models have shown to be applicable to 
the simulation and prediction of different coastal morphologies [Wang et al., 
1995; Hibma et al., 2003; Lesser et al., 2004, Hibma et al., 2004; Winter, 2006]. 
However, in decadal time scales these models often show limitations in 
reproducing natural complex morphological evolution patterns like the movement 
of bars and tidal channels [De Vriend et al., 1993a; Winter, 2006; Scott and 
Mason, 2007]. In practice numerical morphodynamic models are based on various 
assumptions and simplifications and have uncertainty in their parameterizations 
[Brown et al., 2007; Hesselink et al., 2003; Pinto et al., 2006, Ruessink, 2005]. 
Still the main challenge is to meld the longer-term morphological changes with 
shorter-term processes such as the direct effects of waves and tides [Masselink 
and Hughes, 2003; Roelvink, 2006]. The evolution of small scale elements in long 
term simulations often cannot be reproduced by morphodynamic model 
simulations [Winter et al., 2006]. This holds also for the simulation of bank 
erosion processes which are still insufficiently understood and formulated in 
common numerical models. Besides the often coarse discretization of the steep 
morphological gradients leads to limitations in realistic simulations of gradual or 
abrupt bank erosion processes [van der Wegen et al., 2008].  
Tidal channel migration and meandering are ubiquitous features of meso-scale 
coastal evolution influenced by sediment transport processes, tides, wind, waves, 
bank erosion, human intervention, extreme events and their interactions. Many 
studies address channel migration and meandering in unidirectional (river) flow 
by means of statistical analysis [Nanson and Hickin, 1986; Richard et al., 2005], 
empirical formulations [Hudson and Kesel, 2011] and numerical model 
simulations [Darby et al., 2002; Howard, 1992; Motta et al., 2011; Duan et al., 
2001; Duan and Julien, 2005]. Less effort has been spent on channel meandering 
in tidal environments. Facing the important role of tidal channel dynamics in 
coastal systems, and the known limitations of current models in the reproduction 
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of some morphodynamic pattern dynamics, here the applicability of a nudging 
method based on a data assimilation (DA) concept is tested. Nudging is 
understood as a first-order application of DA in which the model state is forced 
towards an updated state without changing the model system. DA essentially 
combines observation data with model predictions considering their uncertainties 
[Lahoz et al., 2010]. Various DA schemes, such as variational data assimilation, 
Kalman filters, and optimal interpolation (OI) scheme, have been widely applied 
in climate, meteorological and hydrodynamic modelling [e.g. Ghil and Malanotte-
Rizzoli, 1991; Brasseur and Nihoul, 1994; Robinson and Lermusiaux, 2000; Park 
and Xu, 2009]. For coastal research, DA has been successfully applied in coastal 
hydrodynamic models [Zhang et al., 2011; Wilson et al., 2010]. However, for 
coastal morphodynamic models, the DA approach is still new, yet some 
pioneering results seem promising: Van Dongeren et al. [2008] developed a data-
model assimilation method (‘Beach Wizard’) which is capable of estimating the 
nearshore subtidal bathymetry based on remote observations by using an optimal 
least-squares estimator approach. A variational DA scheme has been shown to 
improve the capability of a simple one-dimensional (1D) morphodynamic model 
[Smith et al., 2009]. The use of DA in the morphodynamic modelling of 
Morecambe Bay over a 3-year period has been shown by Scott and Mason [2007].  
In their study, model performance was found to be improved with data 
assimilation. However, the use of uniform spatial and temporal observation errors 
and constant background error correlation length scales in the study needs to be 
discussed and evaluated further. Smith et al. [2007] described a simplified 1D 
model of bedform propagation to illustrate the basic theory of data assimilation 
and examine the effect of the background error covariance matrix on the results. 
Their study showed that the quality of data assimilation analysis is greatly reduced 
when the background error correlations are poorly specified. The correct 
specification of background error correlations is a balancing act between the 
adoption of the observed information and the spreading/smoothing of it. Thornhill 
et al. [2012] further evaluated the influence of correlation length scale parameters 
with a three-dimensional (3D) variational data assimilation scheme on a 
morphodynamic model of Morecambe Bay. An optimal spatial constant length 
scale was found for that system but the influence of spatially-variable fields has 
yet not been investigated.  
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This study describes a morphological evolution of the Medem tidal channel in the 
Elbe Estuary, German Bight, Southern North Sea. Bathymetric data analysis 
reveals the pronounced channel migration from 1990 to 2007. A stand-alone 2D 
depth-averaged (2DH) morphodynamic simulation of the hydrodynamics, 
sediment transport and bed evolution of the channel shows limited skill in 
reproducing the channel evolution. The application of a nudging method, based on 
a 3D-variational (3D-Var) DA scheme to compensate for errors in the model 
predictions, is tested. The popularity of 3D-Var arises from its conceptual 
simplicity. The data assimilation analysis is reduced to an equivalent minimization 
problem defined by a cost function. The computation is robust and efficient as 
long as a reasonable error covariance matrix is specified. The application of 3D-
Var requires the definition of a background error covariance. This parameter is 
approximated by an error correlation length scale in this study. A sensitivity 
analysis is carried out in which the effect of a user defined correlation length scale 
on the error correlation for the definition of the background error covariance 
matrix is quantified. The correlation lengths can be defined as spatially 
homogeneous (circle) or heterogeneous (ellipsoid).  
Results show that the nudging method enhances model predictions in updating the 
bathymetry. Criteria for the selection of the correlation length scale for the 
nudging method of morphodynamic models are suggested. The potential for the 
application of data assimilation schemes on more complex and practical coastal 
morphodynamic models is discussed. The developed method in this study can be 
used to provide bathymetric states with high temporal and spatial resolution, as a 
higher order spatio-temporal interpolation of incomplete bathymetric data. 
3.2 Study area and observation analysis 
3.2.1  The Medem Channel 
The Medem tidal Channel, the location of this study, is the northern branch of a 
tidal channel system in the estuary of the river Elbe in the German Bight, 
Southern North Sea (Fig. 3.1). The Elbe Estuary is the largest estuary and a very 
important waterway connecting the port of Hamburg to the North Sea. The Elbe 
Estuary is dominated by a semidiurnal tide with a mean tidal range of about 3m at  
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Fig. 3.1 Location map of the study area.  
 
the inlet (meso-tidal estuary). The tides are asymmetrical with a shorter flood 
period than the ebb period and a higher flood current speed than the ebb current 
speed, which leads to a flood-dominant character. The long term mean annual 
river discharge is 722 m3/s, the flux of suspended particulate matter (SPM) is 
about 800,000 tons/year [Kappenberg et al., 1995]. The turbidity maximum is 
located between about 80 km and 100 km downstream the Geesthacht weir (see 
Fig. 2) [Kappenberg et al., 1995]. The morphology of the outer Elbe Estuary is 
dominated by tidal flats and sandbanks, and the two main braided tidal channels, 
the primary southern channel serving as the main navigational waterway to the 
port of Hamburg, and the northern secondary Medem Channel. The central part of 
the channel is characterized by medium sand with grain sizes of 200-600 μm, 
while the tidal flats are fine sands with muddy components (grain sizes of 60-150 
μm). The Medem Channel has a maximum depth of 16 m and a width of 1.5 km. 
The bed elevation range (the difference of minimum and maximum bed 
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elevations) of the Medem Channel area over two decades was shown to be more 
than 20 m, displaying the highest morphological activity in all the German Bight 
[Winter, 2011]. More information on the hydrodynamics and geomorphology of 
the Elbe Estuary is reported by Boehlich and Strotmann [2008] and the references 
therein.  
 
Fig. 3.2 Model domain with initial bathymetry of 1990. The coordinate system used in the model is 
UTM (Zone32). 
3.2.2 Bathymetry analysis 
Twelve datasets of annual bathymetric soundings between 1990 and 2007 were 
provided by the German Federal Maritime and Hydrographic Agency (BSH). 
These data have been interpolated to individual digital elevation models of 80-90 
m resolution. The morphological evolution of the study area (ABCD in Fig. 3.1) 
can be shown by a quantification of differences and the relocation of bathymetric 
contour lines and cross-sections (A-A’ in Fig. 3.1). The Medem Channel 
developed significantly between 1990 and 2007 (Fig. 3.3). Three main features 
shall be pointed out: Firstly, the flatness of the left bank (south bank); secondly, 
the vertical steepness of the right bank (north bank); and thirdly, the channel 
migration was approximately 1.7 km to the north in the period from 1990 to 2007. 
The migration rates are somewhat constant with a value of 90 m/year from 1990 
to 1996, followed by a decrease to about 50 m/year during the period of 1996 to 
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2000, and then increased again, up to a maximum migration rate of 450 m/year 
between 2004 and 2005.  
 
Fig. 3.3 Comparison of observed bathymetry of 1990 (a) and 2007 (b), negative values represent 
areas below MSL. (c) shows the -5 m contour line based on observed bathymetry. (d) shows the 
changes along the cross-sectional profile A-A’ (see Fig. 3.1) of the Medem Channel from 1990 to 
2007. 
3.3 The morphodynamic model 
3.3.1 Model setup 
The pronounced morphodynamics of the Medem Channel serve as a study case for 
the application of a process-based morphodynamic model. To allow for a long 
term simulation at sufficient spatial resolution and at acceptable computational 
cost a 2DH numerical model has been set up using the modelling system Delft3D 
[Lesser et al., 2004].  
The hydrodynamics within the Delft3D-FLOW module are computed based on 
unsteady shallow water equations. The modelling system is described in detail by 
Lesser et al. [2004] and Van der Wegen and Roelvink [2008]. The velocity field, 
which is computed by solving the continuity and momentum equations, is used to 
calculate the sediment transport field. Sediment transport here is calculated by the 
total load approach of Engelund and Hansen [1967]. The longitudinal and 
transverse bed slope effects on sediment transport are taken into account 
following the method from Bagnold [1966], Ikeda [1982] and Dissanayake et al. 
 - 36 -   
Chapter 3                            Paper II 
[2009]. The bed level update is calculated by solving the sediment conservation 
equation [Van der Wegen and Roelvink, 2008]. 
Here, tidal water levels are the only climatological forcing to the model; 
prescribed at the open sea boundary by considering the tide-dominated 
characteristics of the Elbe Estuary [Boehlich and Strotmann, 2008]. Fig. 3.2 
shows the initial bathymetry of the model domain. The model covers the study 
area between 53.9°N, 7.9°E and 53.4°N, 10.3°E with a curvi-linear grid cell 
resolution of about 200 m near the open sea and lateral boundaries and 80-90 m 
near the mouth of Elbe Estuary. The upper boundary of the model is at the 
location of the weir Geesthacht (53.4°N, 10.3°E), which is also the tidal limit of 
the river Elbe. Three open boundaries are defined at the northern, seaward and the 
southern margins of the model domain. The open sea boundary conditions are 
defined as water levels (9 astronomical tidal constituents). Water level gradient 
boundaries (Neumann boundary condition) are specified at the lateral boundaries 
[Roelvink and Walstra, 2004]. For simplicity, the grain size of the sediment is 
approximated as uniform and set to a value of 200 μm in this study as it is the 
main sediment fraction in the domain from field data analysis [Papenmeier, 
2012]. The bottom roughness was simplified as a constant Chezy coefficient value 
of 65 m1/2/s. The influence of secondary flow on the morphological development 
is taken into account with a two-dimensional approximation. The secondary flow 
(spiral motion) is implemented in the model as a velocity component normal to 
the depth-averaged flow, leading to a deviation of the bed shear stress from the 
depth-averaged flow direction and thus affecting the bed load transport direction. 
The model has been applied to simulate the hydrodynamics, sediment transport 
and morphological changes from the years of 1990 to 2007.  
In order to compromise between the long-term model simulation and 
computational cost, we follow Roelvink [2006] to up-scale the morphodynamic 
simulation by using a morphological factor (MF). The dependencies and 
sensitivities of MF are extensively described by Van der Wegen and Roelvink 
[2008] and Ranasinghe et al. [2011]. In this study the use of a morphological 
factor of 18 led to stable morphological development when compared with results 
achieved with MF values of 1. 
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Bank erosion is considered as an important factor for the channel migration 
process. However, the timescale of bank erosion processes in the lateral direction 
differs from the timescale of sediment erosion and sedimentation processes in the 
vertical direction. Besides, the bank erosion process requires gradual erosion and 
abrupt avalanching which cannot be resolved by the comparatively coarse 
hydrodynamic model grid. Further, sediment stratigraphy and biogenic effects 
may have significant effects on the erosion processes as well [Murray et al., 
2007]. Accurate and validated approaches of describing bank erosion processes 
for morphodynamic models are still pending (Van der Wegen et al., 2008). In this 
study, the bank erosion process is implemented by allowing dry cell erosion. In 
this approach computational grid cells that fall dry (below a certain threshold 
value, 0.1 m in this study) will be inactivated from the hydrodynamic calculation 
and reactivated when the cells become wet again (larger than twice the threshold 
value, 2*0.1 m in this study). The bank erosion is applied in a way by assigning 
the erosion that is taking place in a wet cell to the adjacent dry cell, which means 
that sediment is transported from the dry cell to the adjacent wet cell and the bed 
level of the wet cell will not be changed. This process continues until the dry cell 
becomes wet again and subsequently the bank erosion occurs [Roelvink et al., 
2003]. Thus the bank erosion process is a function of morphodynamic 
developments under water next to the dry area which can only be adequately 
implemented in the model with finer grid cells allowing more gradual 
development. In this study the relative coarse grid cell resolution leads to steep 
gradual development and thus the lateral bank erosion process is not fully 
implemented into the model. 
3.3.2 Stand-alone model results  
The model is applied for the period of 1990 to 2007, during which 12 datasets of 
observed bathymetry are available. The model has been applied as described 
without further calibration. Due to the lack of field data on flow velocities and 
sediment transport, the model could be evaluated on the basis of measured water-
level time-series only. Stand-alone comparisons of the observed and predicted 
water levels at Osteriff and Cuxhaven (see locations in Fig. 3.1 and Fig. 3.2) are 
shown in Fig. 3.4. The observed and predicted water levels are comparable in 
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phase and amplitude at both stations resulting in root mean square errors (RMSE) 
of 0.29 m and 0.27 m, respectively. For the two week time series the coefficient of 
determination (R²) is 0.94 and 0.95 at Osteriff and Cuxhaven, respectively. 
Discrepancies of amplitude are assumed to be mainly due to the absence of 
climatological forcing and the assumed constant and uniform bed roughness 
applied. 
 
Fig. 3.4 Comparison of observed and model-predicted water levels at Osteriff (a) and Cuxhaven 
(b). 
The comparison of model predicted and observed erosion and deposition patterns 
between 1990 and 2007 are shown in Fig. 3.5. Although some areas show similar 
signs and magnitudes, the model fails in predicting the characteristics of sediment 
erosion and sedimentation patterns. The resulting RMSE and R² are 4.62 m and 
0.16 respectively. The pronounced Medem Channel migration to the north is not 
well reproduced by the stand-alone model.  
It must be stressed out that there is considerable room for improvement of the 
modelling both in application and model development; such as running the model 
in a 3D set-up, with wind and waves, and using higher grid resolution, further 
calibration of the model, etc. However, a 3D model with wind and waves and 
higher grid resolution will considerably increase the computation time, which is 
not feasible in the context of this study (we expect about 90 days of computing 
time for one year of simulation). In any case every morphodynamic model 
simulation will inevitably lead to discrepancies between the predicted morphology 
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and reality. The aim of this work is to investigate the use of the nudging method in 
morphodynamic modelling rather than model development. Thus, an admittedly 
non-optimized morphodynamic model set-up is used as the basis of this study. 
Model errors are compensated by a nudging method in which the model 
bathymetry can be forced back towards the true state without diverging far from 
reality. In the following section, the nudging approach is described to exemplify 
the compensation of numerical model errors in simulating the channel migration 
process.  
 
Fig. 3.5 Morphological changes between 1990 and 2007. Red colors indicate sedimentation and 
blue colors indicate erosion. Contour lines represent the initial bed level in 1990. (a) Model-
predicted erosion and sedimentation pattern. (b) Observed erosion and sedimentation pattern.  
3.4 The nudging method 
The nudging is implemented based on a 3D-Var data assimilation scheme [Lahoz 
et al., 2010]. This method minimizes a cost function J(z) which describes the 
deviation between a model state and an observation (Equation 3.1). The 
bathymetry from model predictions and observations are then weighted inversely 
relative to their errors.                                    
                                    (3.1) 1 1( ) ( ) ( [ ]) ( [( ) b bT Tz z z z y z y zJ z      B H R ])H
 
Here z ϵ Rm˟1 is a 1D vector representing the updated bathymetry where m is the 
total number of grid cells. Following the data assimilation terminology, it is 
named as the true state, for which the cost function is solved. zb ϵ Rm˟1  is a 1D 
vector representing the bathymetry predicted by the model, called the background 
term.  y ϵ Rp˟1  is a 1D vector of observed bathymetry where p is the number of 
observations. H is a linearized observation operator of dimension p˟m, which 
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transforms from model space to observation space. Here H is a linear interpolation 
operator that interpolates the model bathymetry from the model grid to the 
observation locations. B ϵ Rm˟m is an m˟m spatial model error covariance matrix. R 
ϵ Rp˟p is a p˟p spatial observation error covariance matrix. 
 
In order to find the ‘best’ z which can minimize the cost function, Equation 3.2 is 
adopted to calculate the derivative of J(z). By solving Equation 3.2, the updated 
bathymetry z can be achieved from Equation 3.3. 
 
                         1 1( ) ( [ ])( ) 2 2b Tz z y zJ z   0  ▽ H R HB 
1 )T
                         (3.2) 
 
                           1 1 1 1)( ( bT yz z     H R H H RB B                                   (3.3) 
 
The observation and model error covariances determine to what extent the 
updated bathymetry z is dependent on model predictions and the observations. The 
observation error covariance matrix R describes the statistical characteristics of 
the error in the measured bathymetry y. These errors comprise data uncertainty 
(e.g. instrumental errors) and errors by the interpolation from observed depth 
samples to model grid nodes. It is noted that observation errors may also originate 
from representative errors when the observation scale cannot be well represented 
in the model space [Smith et al., 2009]. In this study, the observed bathymetry 
data have a spatial resolution of about 200 m which is a similar dimension to the 
model grid cell size near the open boundaries; therefore this term can be neglected 
there. However, it should be pointed out that the representative errors still exist 
near the mouth of the estuary where the grid cell resolution is 80-90 m. Besides, 
the observed data often cannot fully represent the true natural states because the 
data were collected at certain time points while the natural states keep changing 
over time. The representative error of the data itself is unavoidable, but one should 
keep in mind that this will also contribute to the observation errors. 
In practice, the observation errors are usually assumed to be spatially and 
temporally uncorrelated because it is not reasonable to expect observation error 
correlations between (over the years) independent observing platforms, stations, 
and instruments [Smith et al., 2009]. This assumption is adopted in this study as 
well. Therefore R is a diagonal matrix with diagonal elements of error variance 
σo2. The observation errors represent the misfit between the observations and the 
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‘true state’ which is not exactly known. Usually, the observation errors can be 
estimated by considering the multiple sources of observations. The observation 
error variance then is estimated as spatial constant values by previous research 
[Smith et al., 2009; Scott and Mason, 2007]. Here the observation error variance is 
approximated by using the square of the misfit between observed bathymetry y 
and a smoothed observed bathymetry ys. Following this procedure, a spatially-
different observation error variance is obtained. By smoothing the observed 
bathymetry y, the effect of ‘noisy’ bathymetric samples is reduced. Thus, the 
differences between y and ys can be considered as the observation error variance 
(Equation 3.4).  
                                                   22 s o y y                                                  (3.4) 
where ys is calculated by a smoothing function (Equation 3.5). 
                                    s ny (1- f )y fy                                            (3.5) 
In which y is the bathymetry at a given grid point before smoothing. yn is the 
average bathymetry of its neighboring grid points before smoothing. ys is the 
bathymetry at the same point after smoothing and f is the smoothing factor (here 
set to 0.5). The smoothing process is repeated for N (here set to 10) smoothing 
steps.  
The specification of the model prediction error covariance matrix B is one of the 
most crucial procedures of the nudging scheme. Model prediction errors derive 
from the imperfectness of representing the natural system by model discretization 
and parameterizations. These errors are not known exactly, yet they have to be 
approximated in a certain way. In this study, the model error variance σb2 is 
represented by the square of the deviation of model predicted bathymetry zb and 
smoothed observed bathymetry ys   (Equation 3.6).  
                                                                                                 (3.6)  22b  bz y   s
The model prediction error covariance matrix B is defined by error correlations. 
The error correlations in B govern the spreading and smoothing of observational 
information during the assimilation process. For instance, if there is an 
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observation in one model grid cell x, this observation will provide information 
about the model error in x, and perhaps in the surrounding cells of x as well if 
errors in these cells are correlated with that in the cell x. 
The background error correlation can be approximated by different approaches 
[Daly, 1991]. Gneiting [1999] proposed and discussed simply parameterized 
correlation functions on Euclidean spaces and on the sphere. Carrier and Ngodock 
[2010] proposed an efficient implementation of background error correlation 
modelling for ocean data assimilation based on the implicit solution of a diffusion 
equation. Gaspari and Cohn [1999] pointed out that the horizontal correlations are 
gradually decreased with increase of spatial distance.  In this study, we follow the 
correlation function [Rodgers, 2000]: 
                                             i, j = 1, ..., m.                      (3.7) b2 2 exp( / )ijb  d L
Here bij is the element of covariance matrix of B between the components i and j. 
b
2 is the model error variance calculated from Equation 3.6. d is the spatial 
separation distance and L is the user defined correlation length scale for 
controlling the error correlation. L is usually defined as a spatial uniform value 
which indicates that the error correlation is spatially homogeneous [Smith et al., 
2009; Scott and Mason, 2007].  
Channel migration as observed in the Medem Channel, is of spatial heterogeneous 
character. A sensitivity analysis was carried out to determine the effect of a 
heterogenic specification of L on the calculated morphology. An assumption was 
made that the selection of L in space should follow the orientation of 
morphological changes in space. In this particular case, the Medem Channel 
migrated from south to the north over the years while being kept relatively stable 
in the east-west direction. Thus, the variable is defined on an ellipsoid with radius 
of a (south-north direction) and b (east-west direction). A series of values for a 
and b was tested (Table 3.1). The effects of the input variables and model quality 
were assessed by hypsometry analysis. The hypsometry of a domain is the relation 
of the horizontal surface area to the elevation [Boon, 1975; Emery, 1979; and 
Walcott and Summerfield, 2008].  
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Table 3.1 Description of 14 scenarios with different values of a (south-north) and b (east-west) 
(unit: m).  
Case 1 2 3 4 5 6 7 
a 20 50 80 100 200 400 600 
b 20 50 80 100 200 400 600 
Case 8 9 10 11 12 13 14 
a 4000 80 85 100 200 400 200 
b 4000 100 170 200 400 200 4000 
 
Morphological patterns are also evaluated based on Brier Skill Scores (BSS) 
which is a common approach to determine the accuracy of the prediction 
compared with a reference case [Murphy and Winkler, 1987; Sutherland et al., 
2004]:   
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in which z is the updated bathymetry with application of data assimilation, zm is 
the model predicted bathymetry at each model grid cell, z’ is the smoothed 
observed bathymetry that represents the ‘true’ state of bathymetry, and n is the 
total number of grid cells.  
BSS = 1 indicates that the updated bathymetry z equals to the ‘true’ state of 
bathymetry z’. In other words, the nudging method works perfectly. If BSS is 
equal to 0, then on average the updated bathymetry z cannot be closer to z’ than 
the model prediction zm can. A negative value of BSS implies a large difference 
between z and z’ and the application of nudging is even worse than the model 
prediction. An assessment of BSS values for morphodynamic models has been 
suggested by Van Rijn et al. [2003]: BSS values below 0, and between 0-0.3, 0.3-
0.6, 0.6-0.8 and 0.8-1 represent the criteria of Bad, Poor, Reasonable, Good and 
Excellent respectively. 
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Here the observations from different years are assimilated to the model. The 
updated bathymetry from one nudging analysis is adopted as initial bathymetry for 
the next model simulation. And the final predicted bathymetry (z) from model run 
with continuous nudging is then compared with the predicted bathymetry (zm) 
from stand-alone model simulations without nudging.  
3.5 Analysis of correlation length scale  
The morphodynamic model has been applied first for a 3-year period from 1990 to 
1993 for a systematic study on the error correlation length scales. Observed 
bathymetry in 1993 was then assimilated to the model-predicted bathymetry in 
1993. Sensitivity analysis has been carried out on the two smoothing parameters 
(N and f) which control the observation errors. Fig. 3.6 (a and b) shows the final 
updated bathymetry of 1993 with N/f of 10/0.5 and 1/0.1 respectively for case 4. 
Fig. 3.6 (c) shows the misfit between these two cases. It implies that the final 
results are not very sensitive to these two parameters. The two different parameter 
sets generate very similar morphological patterns with differences in the order of 
0.5 m. Larger smoothing steps and smoothing factors will amplify the observation 
errors because the noisy patterns will be reduced with an/the enhanced smoothing 
function. However, still observation errors are still fewer when compared with 
model errors. Thus, the default smoothing parameter sets of 10 and 0.5 will be 
applied throughout this study.  
 
Fig. 3.6 Updated bathymetry in 1993 with nudging of case 4 (L=100 m) with smoothing 
parameters N/f of 10/0.5 (a) and 1/0.1 (b) and their differences (c). 
The spatial distribution of both model prediction errors (based on the difference of 
model-predicted bathymetry and smoothed observed bathymetry) and observation 
errors (based on the difference of observed and smoothed observed bathymetry) 
are shown for the Medem Channel area in Fig. 3.7. Obviously model errors are 
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larger than observation errors, especially in the Medem Channel area. Thus, 
during the nudging calculation, more weights will be given to the observation 
term, and the updated bathymetry z will be based mainly on the observations 
where data is available. It needs to be noted that the nudging scheme works better 
if the model errors and observation errors are of similar magnitude because the 
updated bathymetry will rely both on model predictions and observations 
sufficiently.  
 
Fig. 3.7 Observation errors (a) and model prediction errors (b) (unit: m2). 
 
3.5.1 Comparison of the bathymetric map from nudging results 
The calculated morphological patterns of the Medem Channel with the application 
of the nudging method by choosing different values of L (Table 3.1) are shown in 
Fig. 3.8. All 14 cases produce similar positions of the Medem Channel due to the 
higher weights distributed to the observation term, as discussed previously. 
Obviously the calculated position of the Medem Channel is not very sensitive to 
the selection of L. However, it is shown that with large values of a and b 
compared to the model grid cell size (80-90m), an over-smoothed bathymetry is 
produced and detailed information of morphological features is lost (cases 7, 8 
and 14). By increasing the searching area and by accordingly increasing the 
correlation length scale L, the spreading and smoothing of observational 
information during the assimilation process turn out to be a smoothing process of 
the local bathymetry which consequently generates unrealistic bathymetry and 
morphological features.  
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Fig. 3.8 Results of reproduced bathymetry based on the nudging method. (a) Model-predicted 
bathymetry in 1993. (b) Observed bathymetry of 1993. (c)-(p) represent updated bathymetries from 
Case 1 to Case 14. 
3.5.2 Channel profile analysis 
For further illustration, results of the cross-section A-A’ of the northern part of the 
Medem Channel profile are shown for different scenarios (Fig. 3.9). The channel 
depth gets shallower with both small values of L (case 1 and case 2) and large 
values (case 8 and case 14) of a and b compared with the grid cell size. Defining 
the length scale L in an ellipsoid with a smaller than b (cases 10, 11 and 12) gives 
better predictions of the channel depth than selecting L in a circle (cases 4, 6 and 
7). Comparison of cases 12 and 13 implies that the shape of the ellipsoid should 
be in a similar pattern with the channel orientation. As the morphological changes 
are more pronounced in the south-north direction with averaged channel migration 
rate of 100 m/year, the value of L in the south–north direction has a higher effect 
 - 47 -   
Chapter 3                            Paper II 
on the calculated bathymetry. In the east-west direction, the morphological 
features are relatively stable which allows for a larger number of L.  
 
Fig. 3.9 Vertical profile (a) of the Medem Channel based on the nudging method with different 
values of a and b. Details in the rectangular box are shown in (b). 
3.5.3 Hypsometry analysis 
The convex hypsometry curves imply relatively deep channels covering a 
relatively small area of the system (Fig. 3.10). A comparison of 1990 and 1993 
hypsometries suggests that the whole system developed deeper channels covering 
relatively smaller areas and shallower tidal flats in this period. The hypsometry 
curves of case 4 and case 10 give the best approximation of the observed 
hypsometry curves of 1993. It also shows that small and large values of a and b 
produce a less-convex hypsometry curve (cases 1, 2, 8 and 14). The channel depth 
is thus shallower and the overall bathymetry is more smoothed, which is in 
agreement with the findings from Fig. 3.8 and Fig. 3.9. Case 12, with the most-
convex hypsometry curve, results in the largest channel depth (Fig. 3.9). 
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Fig. 3.10 Hypsometry analysis based on the observed bathymetry of 1990 and 1993 and the 
predicted bathymetry of 14 cases (a). Details in the rectangular box are shown in (b). 
3.5.4 Brier Skill Score analysis of the nudging results. 
The qualitative statements above can be assessed by using the Brier Skill Scores 
(BSS) in this study. The calculated BSS of the 14 cases using Equation 3.8 are 
shown in Table 3.2.  
Generally, all cases produce high BSS values (>0.8).  BSS values are relatively 
lower if a and b are small (case 1) or large (case 7, 8 and 14) compared with the 
grid cell size. With increasing values of a and b, the BSS firstly increases and then 
drops down (cases 1 to case 8). There is a potential to find an optimal BSS value 
between case 3 and case 5. It suggests the selection of a and b similar to the grid 
cell size. The highest BSS results from case 10, which is the ellipsoid case with a 
equal to 85 m and b equal to 170 m.  
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Table 3.2 Brier Skill Score (BSS) of 14 cases with different values of a (south-north) and b (east-
west) (unit: m).  
Case a/b BSS 
1 20/20 0.91 
2 50/50 0.94 
3 80/80 0.95 
4 100/100 0.95 
5 200/200 0.94 
6 400/400 0.92 
7 600/600 0.91 
8 4000/4000 0.81 
9 80/100 0.95 
10 85/170 0.96 
11 100/200 0.95 
12 200/400 0.94 
13 400/200 0.93 
14 200/4000 0.82 
3.6 Application of the nudging method  
Based on the above analysis the most suitable correlation length scale (case 10: a 
= 85 m, b = 170 m) was used in a long term analysis. The nudging method was 
applied based on available observation data in the years of 1993, 1995, 1996, 
1997, 1998, 1999, 2000, 2003, 2004, 2005 and 2007. As the observation datasets 
are irregularly spaced in time, a systematic sensitivity analysis of the time 
intervals of nudging has not been carried out.  
The predicted bathymetry of 2007 from the model simulation with frequent 
nudging and a single nudging is compared to the stand-alone model predicted 
bathymetry from 1990 to 2007. The observed and predicted bathymetries of 2007 
from the model simulation with and without nudging are shown in Fig. 3.11. 
Obviously the application of frequent nudging improves the prediction of the 
Medem Channel position. The single nudging shows limitations in correction of 
the channel positions. This is shown in the comparison of channel profiles in Fig. 
3.12: the stand-alone model cannot reproduce the channel profile migration while 
the nudging results in a profile of 2007 which is very close to the observed profile. 
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For the frequent nudging case a BSS of 0.78 can be classified as “good”, whereas 
the single nudging case results in a BSS of 0.14 (“poor”). 
 
Fig. 3.11 Comparison of 2007 bathymetry. (a) Observed bathymetry. (b) Stand-alone model (1990-
2007) predicted bathymetry without nudging. (c) Model predicted bathymetry with single nudging 
(d) Model predicted bathymetry with frequent nudging. 
 
 
Fig. 3.12 Comparison of Medem Channel profiles based on stand-alone model simulation, 
observation and corrections with application of the nudging method. 
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3.7 Discussion  
Observed bathymetric data analysis shows the distinct migration of the Medem 
tidal channel from 1990 to 2007. This study describes the application of a 2DH 
morphodynamic model with a secondary flow approximation to simulate the 
hydrodynamics, sediment transport and morphological changes of the Medem 
Channel. The channel migration is not well reproduced by a numerical model 
simulation. The limited model skill can be explained by the rather coarse 
discretization of the problem (coarse grid resolution, 2DH depth integrated 
simulation), the uncalibrated application of the model, and missing 
parameterizations in the modelling system, which e.g. allow for a realistic bank 
erosion process. Although a much higher grid resolution and a three-dimensional 
simulation with a well calibrated model may lead to significantly better results, a 
deviation of the morphological evolution from the true state must be always 
expected. This ubiquitous shortcoming of any morphodynamic model has initiated 
the use of data assimilation approaches [Scott and Mason, 2007; Smith et al., 
2009; Thornhill et al., 2012]. Here the test of a simple nudging procedure is 
shown, which allows the simulation of the decadal channel migration, with a 
pragmatic model set-up in acceptable computation time (about 2.5 days 
computing time for one year of simulation).  
A 3D-Var nudging method has been used to combine model predictions and 
observations based on their relative errors to calculate updated bathymetry. In 
principle, observation errors should be assessed based on several sources of 
observed bathymetric datasets, such as satellite altimetry, multibeam echo 
sounder, direct surveying, etc. Here, due to the limited availability of bathymetric 
datasets and lack of further information, observation errors are approximated by 
the difference of bathymetric data and a smoothed digital elevation model based 
upon this data. This approach is taken as acceptable because the variance of 
‘noisy’ and uneven observation samples can be related to observation errors. 
However, multisource observations are recommended for the definition of 
accurate observation error covariances in future studies. The specification of the 
model error covariance is one of the most crucial procedures of the assimilation 
scheme which can be done in an easy and commonly used way by specifying the 
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model error correlations. To ensure accurate application of the nudging method, 
the model error correlations should be well-defined beforehand. The error 
correlation is often defined as uniform [Smith et al., 2007; Smith et al., 2009; Scott 
and Mason, 2007; Thornhill et al., 2012]. Here an analysis on the selection of 
error correlations has shown that the error correlation length can be defined as 
spatially homogeneous (circle) or heterogeneous (ellipsoid) by considering that 
the Medem Channel migration has spatially heterogeneous character.  
The nudging method combines the model-predicted and observed bathymetry of 
1993 to produce a corrected model bathymetry. Sensitivity analysis of the 
correlation length scale L for defining the background error covariance was 
carried out during the study. Preliminary results showed that different types of L 
do influence the calculated morphological patterns, mainly the calculated channel 
depth. The correlation length was found to be similar to the grid cell size. Spatial 
heterogeneous correlation lengths produce more realistic channel depths. The 
dimension and orientation of the ellipsoid (which may be characterized by other 
shapes) should be case-dependent according to the morphological features in the 
study. It would be possible to determine an optimum L in future studies. The 
selection of L is more sensitive in the south-north direction (smaller value) than in 
the east-west direction (larger value), which reflects the more pronounced 
morphological changes in the south-north direction. In this case it is related to the 
migration of the Medem Channel from south to north. Different types of L 
generate different hypsometry curves, which implies that L is a parameter that 
controls the relative volume of tidal flats and tidal channels and also the channel 
depth. Carrying out sensitive analysis on L is always recommended for 
morphological data assimilation. 
The nudging was then consecutively applied between each available dataset 
within the years 1993 to 2007, whereby an updated bathymetry was taken as the 
initial bathymetry for the next model simulation period. The predicted bathymetry 
was improved when consecutive nudging applications were employed, thus long-
term morphological nudging can be suggested as a suitable method of 
spatiotemporal interpolation between (often fragmentary) morphological data in 
long term model simulations. It is pointed out that the proposed nudging method is 
suggested as a workaround to compensate for model errors if field data is 
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available rather than being a substitute for further stand-alone model development. 
However, the proposed nudging method here can be used to identify areas with 
poor results and thus poor representation of the natural processes by the model. 
This may support the definition of potential future field survey sites. 
The Elbe Estuary is rather unique with very extensive data from a long record of 
surveys; however the coverage of data in time is still not of a high resolution. The 
observation samples also tend to be sparse in both space and time, with frequent 
data gaps. However the relatively high spatial resolution permits higher-order 
interpolation which is necessary to adequately map the domain to the grid. This 
overcomes the limitations, as the generic application of long-term morphological 
nudging methods is not only dependent on extensive observation datasets, but it is 
also highly dependent on higher-order spatial interpolation of the observed 
morphological evolution. 
The results of this study are promising and provide insights and theoretical 
support in the application of DA, especially in the selection of error correlations 
on complex morphodynamic models. In this study, the nudging method is applied 
to update the model predictions; model parameter estimation is not carried out. 
However, more complex model parameter estimation via DA schemes is 
envisaged for future studies. 
3.8 Conclusion 
The applicability of a nudging method on decadal coastal morphodynamic 
modelling has been tested. The pronounced migration of a tidal channel has been 
investigated and simulated using stand-alone morphodynamic simulations and by 
the application of a nudging method. We have demonstrated that the application 
of the nudging method significantly corrects the results of a stand-alone 
computation. Sensitivity analyses have shown that a user-defined correlation 
length scale which defines the background error covariance matrix during the 
nudging procedure should be similar to the grid cell size, here 80-90 m. Spatially 
heterogeneous correlation lengths produce more realistic channel depths than 
spatially homogeneous correlation lengths. The proposed nudging method has 
been applied on a morphodynamic model to update the tidal channel migration 
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pattern for a period of 17 years. Consecutive application of the nudging method 
compensates for the (stand-alone) model prediction errors and corrects the channel 
migration pattern, with a Brier Skill Score of 0.78 for the final morphology. The 
proposed nudging method in this study serves as an analytical approach to update 
model predictions towards a predefined ‘true’ state for the spatiotemporal 
interpolation of incomplete morphological data in long-term simulations. 
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Abstract 
Estuarine tidal asymmetry is known to depend on the open sea tidal conditions, 
local morphology and river runoff. In this study the mutual influence of estuarine 
morphology and tidal asymmetry is analyzed by long term model simulations. A 
process based modelling system has been applied to a schematic domain, with 
similar dimensions as the Elbe Estuary at the German North Sea coast. It could be 
shown that tidal asymmetry (residual transport direction) oscillates at three main 
frequencies: A long term system adaptation (period O(6000a), a meso scale 
oscillation (O(600a), and the upscaled direct tidal boundary effects. It was shown 
that the large scale system shift depends on long time boundary conditions (sea 
level rise). The meso scale oscillation is mainly influenced by run-off river 
discharge.  
4.1 Introduction 
Estuaries are the transition zone between river and ocean environments, thus the 
hot-spots of complex biogeophysical process interaction and focal points of socio-
economic value and ecosystem services [Ewa, 2008]. Most modern estuaries in 
the world developed during Holocene sea level rise (SLR) by the filling of 
existing river valleys [Wolanski, 2007]. The development of local estuarine 
morphology is strongly influenced by the relation of river discharge, wind and 
waves, tides, and sediment properties [Galloway, 1975; Orton and Reading, 
1993]. Estuaries often display pronounced morphodynamics due to the continuous 
non-linear interaction between flow and sediment transport in several spatio-
temporal scales [Hibma et al., 2004]. Estuarine tidal channels and sandbars are 
mesoscale morphological features, which are commonly described in temporal 
scales of years to decades and spatial scales of kilometers to tens of kilometers 
[De Vriend, 1996; Ahnert, 1960; Van Veen, 1950; Winter, 2011; Chu et al., 2013]. 
Many studies focus on different estuarine physical processes by means of field 
data analysis, theoretical studies and numerical simulations [Dyer, 2000; Dyer et 
al., 2000; Friedrichs and Aubrey, 1996; Hibma et al., 2004; Pritchard, 1956; 
Uncles, 2002]. However, a full understanding and prediction of estuarine 
morphodynamics is still not achieved due to the multiple non-linear processes and 
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various spatial and temporal scales involved. During the last two decades, 
numerical models have been developed into suitable tools for the investigation of 
estuarine morphodynamics at different temporal and spatial scales [Geleynse et 
al., 2011; Lessa and Masselink, 1995; Van der Wegen and Roelvink, 2012; Winter, 
2006]. Hibma et al [2003a] compared longitudinal equilibrium profiles of 
estuaries in both schematized and process-based models. Their study was later 
extended to the modelling of shoal pattern formation in estuaries [Hibma et al., 
2003b] and the simulation of mesoscale channel-shoal patterns in long term, 
macroscale evolution [Hibma et al., 2004].  
Estuarine morphology is driven by residual sediment transport patterns, which 
depend on tidal asymmetry [Dronkers, 1986]. Tidal asymmetry develops as tides 
become distorted when they propagate from offshore into shallow estuaries 
[Speer, 1984]. In shallow estuaries, bottom friction at low water (LW) is relatively 
greater than that at high water (HW), which increases the water propagation 
duration at LW [Dronkers, 1986]. Consequently, flood-dominance displays a 
longer/weaker ebb tide and a shorter/stronger flood tide [Friedrichs and Aubrey, 
1988]. Flood-dominance then results in residual sediment transportation in the 
flood direction. From this point of view, an estuary can be classified as ebb- (or 
flood-) dominated if the net along-estuary sediment transport is out of (or into) the 
estuary. According to the classification of Pethick [1994], flood-dominated 
estuaries are referred to as Type I estuaries. With net sediments imported to the 
system, the estuary becomes a sediment sink with sandbars building in the channel 
resulting in the reduction of the cross-sectional area. Subsequently, the ebb current 
velocity may increase to conserve water flux which combined with long ebb 
duration to form an ebb-dominant character (Type II estuaries). These two types 
of estuaries have been found to alternate successively with frequency of about 100 
years [Brown and Davies, 2010; Pethick, 1994].  
Brown and Davies [2010] and Bobins and Davies [2010] worked on the flood/ebb 
dominance in estuaries and the influence of tidal channels and sandbars on 
sediment transport and morphology in Dyfi Estuary in UK. They found that the 
flood/ebb dominance is mainly attributable to the relative extent of channels and 
sandbars controlled by a/h (tidal amplitude/water depth). The flood/ebb 
dominance of estuaries was qualitatively determined based on the tidal asymmetry 
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at cross-sections and the influence on the residual sediment transport in tidal time 
scales. However, the investigation of the oscillation frequency was not carried out 
in their study. Also the difference in magnitude of flood and ebb currents has 
significant influence on the net sediment transport and thus long term estuary 
morphology [Kang and Jun, 2003] which is not taken into account in their studies.  
This study is motivated by analyzing the historical evolution of the Elbe Estuary 
at the the German Bight, North Sea. Historical maps and sea charts reveal 
different characteristic patterns of sandbars and channels throughout the time 
frame of about 340 years (1655-1993). According to Pethick [1994], the Elbe 
estuary mouth is therefore considered to be experiencing a change of dynamic 
equilibrium states with oscillation of flood and ebb dominance.  
In order to understand the theory of dynamic equilibrium states of estuaries with 
further interpretation of the oscillation of flood/ebb dominance, a  
morphodynamic model has been set up to simulate the hydrodynamics, sediment 
transport and morphology in a schematic model estuary for a long term time scale 
of 6000 years. The dimensions of the model are similar to the tidally dominated 
Elbe Estuary on the German North Sea coast. The morphological development of 
the estuary and the effect of the riverine discharge and sea level rise on tidal 
asymmetry are studied. 
4.2 Study area 
The lower Elbe is the largest German estuary and a very important waterway 
connecting the North Sea with the port of Hamburg (Fig. 4.1). The semidiurnal 
tides have a mean tidal range of about 3m at the inlet (meso-tidal estuary). The 
tides are asymmetrical with a shorter flood period than the ebb period and a higher 
flood current speed than the ebb current speed, which leads to a flood-dominant 
character. The long term mean annual river discharge is 736 m3/s; the flux of 
suspended particulate matter (SPM) is about 800,000 tons per year [Kappenberg 
et al., 1995]. The turbidity maximum is located between about 80 km and 100 km 
downstream a weir in Geesthacht [Kappenberg et al., 1995]. The morphology of 
the outer Elbe Estuary features tidal flats and sandbanks, and two prominent tidal 
channels, the primary southern channel serving as the main navigational waterway 
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to the port of Hamburg, and the northern secondary Medem Channel. The central 
part of the channel is characterized by medium sand with grain size of 200-600 
μm, while the tidal flats are fine sands with muddy components (grain sizes of 60-
150 μm). The bed elevation range (the difference of minimum and maximum bed 
elevations) of the Medem Channel area over two decades was shown to be more 
than 20 m, displaying the highest morphological activity of all the German Bight 
[Winter, 2011]. More information on the hydrodynamics and geomorphology of 
the Elbe Estuary is given by Boehlich and Strotmann [2008] and the references 
therein.  
 
Fig.4.1 Study area of the Elbe Estuary in the German Bight, Southern North Sea. 
 
Meso scale morphological changes of the tidal channels and sandbars of the outer 
Elbe Estuary may be estimated based on historical maps and sea charts from 1655 
until today (Fig. 4.2). Although these maps are differently scaled and in low 
accuracy, still the relative positions and patterns of the channels and sandbars can 
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be illustrated. In the year of 1655, 1789 and 1811, the outer estuary displays 
multiple-sandbars and tidal flats. From 1885 until today state, it displays a 
relatively large and stable single sandbar in the outer Elbe Estuary. The evolution 
of sandbars is associated with the migration of tidal channels.  
 
Fig.4.2 Schematization of historical evolution of Elbe Estuary from 1655 to 1993 based on 
historical maps. Dashed and solid lines and orange patches represent land boundaries, channel 
banks and sandbars respectively.  
4.3 The morphodynamic model 
A morphodynamic model has been set-up with the modelling system DELFT3D 
[Lesser et al., 2004]. This modelling system has been applied for the simulation of 
coastal morphodynamics in millennia time scales before for a tidal embayment by 
Van der Wegen et al [2008] and for an estuary by Yu et al [2012]. Similar to these 
studies, to allow for a long term simulation at sufficient spatial resolution and at 
acceptable computational cost, the numerical model solves the two-dimensional 
depth averaged (2DH) shallow water equations [Lesser et al., 2004; Van der 
Wegen and Roelvink, 2008]. Sediment transport here is calculated by the total load 
approach of Engelund and Hansen [1967]. The longitudinal and transverse bed 
slope effects on sediment transport are taken into account by the method of 
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Bagnold [1966], Ikeda [1982] and Dissanayake et al [2009]. The bed level update 
is calculated by solving the sediment conservation equation [Van der Wegen and 
Roelvink, 2008]. 
Fig. 4.3 shows the setting of the initial bathymetry of the schematized estuary 
model domain with a funnel-shaped mouth and a double-bent channel. The initial 
bathymetry of the tidal flats is 0.5 m above MSL, which is the average depth of 
the Elbe environment. The tidal channel profile is a uniform U-shape with largest 
depth of 22 m. The upper estuary is simplified by a square basin with the same 
tidal volume area of the river to conserve water mass. The model covers an area of 
about 1550 km2 with a grid cell resolution of about 2000 m near the open 
boundaries and 300-400 m near the mouth of estuary. In order to follow the 
curvature of the channel, a curvi-linear grid system is applied to the model. Three 
open boundaries are defined at the seaward, northern and the southern margins of 
the model domain. Here, harmonic water surface elevations are the only forcing to 
the model prescribed at the open sea boundary by considering tidal conditions 
similar to the characteristics of the Elbe Estuary [Boehlich and Strotmann, 2008]. 
Following the concept of a morphological tide [Latteux, 1995], spring-neap cycles 
are ignored and only representative tidal constituents of M2, M4 and M6 are 
applied to the model. Water level gradient boundaries (Neumann boundary 
condition) are specified at the lateral boundaries [Roelvink and Walstra, 2004]. 
The bottom roughness was simplified as a constant Manning coefficient value of 
0.026. The influence of secondary flow on the morphological development is 
taken into account with a two-dimensional approximation. The secondary flow 
(spiral motion) is implemented in the model as a velocity component normal to 
the depth-averaged flow, leading to a deviation of the bed shear stress from the 
depth-averaged flow direction and thus affecting the bed load transport direction. 
The model has been applied to simulate the hydrodynamics, sediment transport 
and morphological changes for a period of 6000 years.  
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Fig.4.3 Model domain with initial bathymetry (unit: m). The coordinate system used in the model 
is UTM (Zone32). 
 
In order to compromise between the requirement of a long term model simulation 
and the expensive computation cost, we follow Roelvink [2006] to up-scale the 
morphodynamic simulation by using a morphological factor (MF). The 
dependencies and sensitivities of MF are extensively described by Van der Wegen 
and Roelvink [2008) and Ranasinghe et al [2011]. Often large numbers of MF 
(order of hundreds) are used for long term morphodynamic modelling to save 
computation time, which has been applied and validated by Dastgheib et al 
[2008], Van der Wegen and Roelvink [2008] and Yu et al [2012]. In this study the 
use of a morphological factor of 300 led to stable morphological development 
when compared with results achieved with MF values of 1. 
The model has been configured for different scenarios (Table 4.1). Case 1 is 
selected as a benchmark case for a comparative analysis of the results. The 
influence of river discharge on the channel-shoal patterns are examined by Cases 
1 to 3. A value of 736 m3/s is the annual averaged river discharge at the upstream 
boundary while 1232 m3/s represents the maximum river discharge. Case 4 
considers the influence of sea level rise.  
Table 4.1 Configuration of scenario analysis. 
Case 1 2 3 4 
River discharge (m3/s) 736 0 1232 736 
SLR No No No Yes 
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In this study, the SLR scenario of the German Bight is implemented in the model 
as a long period harmonic wave [Dissanayake, 2011] following data from 
Jelgersma [1979] and Gerritsen and Berentsen [1998] who hindcast an increase of 
about 12 m during the past 6000 years with a decreasing rate (Fig. 4.4). 
 
Fig.4.4 Holocene sea-level rise curves for the western Netherlands, Zeeland, German Bight and 
Belgium after Van der Molen and Van Dijk [2000]. 
4.4 Results 
4.4.1 Benchmark case 
In this section, the simulated morphological changes in channel-shoal patterns of 
the schematic estuary are examined. A comparison of the simulated cumulative 
erosion and sedimentation patterns is illustrated in Fig. 4.5. The model is initiated 
with a single channel (Fig.4.3). Channel-shoal patterns are shown to develop in 
the estuary after 50 years of simulation. The initial channel becomes infilled with 
sediment and two major sandbars develop and grow at the two bends of the 
channel. The lower section of the bend migrates northward while the upper 
section migrates southward. As a result, the two channel bends are stretched and 
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the curvature of the channel bend is increases. Sediment starts to deposit and 
accumulate at seaward.  
Fig.4.5 Model predicted morphological changes over 6000 years. Red colors indicate 
sedimentation and blue colors indicate erosion (unit: m). 
 
During the years 500 - 2700 the main channel becomes deeper and wider and 
several secondary channels develop in the estuary. In the lower bend of the main 
channel, the major sandbar is shown to decay, and finally vanishes, until a new 
sandbar develops during the years 2000 - 2700. Meanwhile, in the upper bend of 
the channel, it can be observed that a single small sandbar firstly develops in year 
500, then stretches and moves in the west-east direction, and ultimately merges 
with the sandbars in the center of the channel and the mouth. During this process 
small sandbar segments are produced, which have some similarities to the 
morphological pattern of year 1655 (Fig. 4.2).  
From year 4000, the predominant channels are weakened. The sandbar in the 
lower bend is shown to decay and vanish again, whereas the morphology of the 
upper bend of the estuary seems to be relatively stable and roughly maintained. A 
single sandbar emerges with a secondary channel growing. After 4000 years the 
morphological pattern of the outer model domain has features comparable to the 
historic stages of the outer Elbe estuary, e.g., in year 1993 (Fig. 4.2). 
Despite harmonic forcing at the open sea boundaries the tidal asymmetry inside 
the estuary changes because of local adaptation of the morphology. In fact the 
estuary may experience both flood and ebb dominance at different locations at the 
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same time. The change in total sediment volume of the estuary section can be used 
as an index for the flood/ebb dominance of the whole domain. A long term pattern 
with a period of about 6000 years reflects a large scale system shift from sediment 
source to sediment sink; which is not further taken into account in this study. 
Superimposed patterns are observed which imply higher frequency oscillations. 
Fourier decomposition of the signal reveals two additional different dominant time 
scales (Fig. 4.6). A regular pattern of high frequency (hydrodynamic period of 
about 12.5 hours) is related to the tidal signal. Tidal force takes responsibility for 
the instantaneous sediment transport in the flood and ebb direction. The tidal 
asymmetry produces net sediment transport in either flood or ebb direction, and 
accumulatively results in flood or ebb dominance in longer time scales. Here we 
focus on the signal with periods of 50 to 1000 years which considered to be 
related to the relative changes between tidal channels and sandbars.  
 
Fig. 4.6 (a) Sediment volume with decomposed signal from Fourier analysis. Positive and negative 
values represent import and export of sediments to the domain respectively. Black line indicates 
the original signal of sediment volume changes with subtraction of the mean value of it. Cyan, blue 
and red colors indicate the signal periods larger than1000 year, 50-1000 year and less than 50 
year respectively. (b) The harmonic analysis of Fourier transform for the three signals.  
 
Hypsometry curves are employed to investigate the flood/ebb dominance by 
relation of the relative areas of deeper tidal channel and shallower sandbars of the 
entire domain. The hypsometry of a domain is the relation of the horizontal 
surface area to the elevation, as used by Boon [1975], Emery [1979], and Walcott 
and Summerfield [2008]. In order to link the changes of hypsometry curve with 
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time, the area below the hypsometry curve is defined as a variable Ahc and is 
plotted for the simulation period (Fig. 4.7). The increase of Ahc indicates a more 
convex hypsometry. Although the oscillation of hypsometry curves cannot be 
directly linked to the flood/ebb dominance quantitatively, an association is 
possible: According to Pethick [1994], in a flood-dominated estuary, sediments 
are imported to the system, build up sandbars and thus generate more convex 
hypsometry curves. For an ebb-dominated estuary, sandbars in the channel are 
removed, leading to increase of relative area of tidal channels and a less convex 
hypsometry. The correlation of the sediment import / export time series with the 
hypsometry for the 6000 year oscillation frequency results in coefficient of 
determination (R2) of 0.8, which suggest that hypsometry may be used as an index 
of flood/ebb dominance.  
 
Fig. 4.7 Plot of Ahc for Cases 1 to 4. 
4.4.2 Scenario analysis 
The influence of different river discharges and SLR on the resulting 
morphological patterns can be shown by simulations with different boundary 
conditions (Table 4.1). The domain hypsometry area Ahc is compared for these 
different scenarios (Fig. 4.7). Obviously the Ahc value is larger with decrease of 
the river discharge from 736 m3/s (Case 1) to 0 m3/s (Case 2), as the relative area 
of sandbars predicted from Case 2 is larger. This is due to the reduced river 
discharge and the reduced capacity to flush the sandbars and transport sediments 
out of the system. Thus, there is a trend to accumulate sediments in the system. In 
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contrast, the decreasing Ahc value predicted from Case 3 indicates that strong river 
discharge (1232 m3/s) enhances sandbar decay. Cases 2 and 3 do not show 
significant oscillations in the order of hundreds of years as Case 1 does. Although 
Cases 2 and 3 show some oscillations initially, they subsequently end up to an 
approximately equilibrium state.  
The influence of a schematized sea level rise can be shown by comparison of the 
Ahc curves of Cases 1 and 4 (Fig. 4.7). Ahc from Case 4 is significantly reduced to 
an equilibrium state compared to Case 1, without showing significant oscillation 
pattern. Fig.4.8 compares the sediment volume of the estuary over 6000 years 
with and without SLR. There is still an alternation of sediment transport in flood 
and ebb direction with SLR. But overall the SLR increases estuarine infill of 
sediments when compared with Case 1. 
 
Fig. 4.8 Plot of sediment volume of the domain for Cases 1 and 4. 
4.5 Discussion 
This study describes the application of a 2DH morphodynamic model to 
investigate the oscillation of flood/ebb dominance of a funnel-shaped, tidal-
dominated estuary. The estuary may experience both flood and ebb dominance at 
different locations in different time. For the overall estuary three main oscillation 
frequencies are observed: A long term adjustment of the estuary morphology in 
O(6000 years), an oscillation in O(600 years) and the effect of the direct tidal 
forcing.  
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The long term pattern with a period of about 6000 years reflects a large scale 
system shift from sediment source to sediment sink which is resulted from the 
accumulative effect of tidal asymmetry. Because the estuary covers a large area, 
the morphological adaption of exchanging sediments of the estuary and the sea 
takes long period of 6000 years. Overall the SLR increases the import of sediment 
volume into the estuary which is in agreement with suggestions by Dronkers 
[2005] that the SLR will increase estuarine infill until reaching a new dynamic 
equilibrium state. The main reason is the SLR reduces the ebb flow enhancement 
by frictional effects and enhances the flood dominance. The sediment volume in 
the estuary is reduced due to the decrease of current velocity and sediment 
transport with SLR [Robins and Davies, 2010]. 
The medium scale oscillations are considered to be related to the channel-shoal 
pattern of estuary. The hypsometries are applied to highlight the medium scale 
oscillation frequency of flood/ebb dominance (here about 600 years) by the 
oscillation of Ahc. Sensitivity analysis implies that the medium scale oscillation is 
mainly influenced by run-off river discharge because of the competition with the 
tidal currents at the open sea boundary. The annual average river discharge plays a 
significant role for oscillation of flood/ebb dominance. This basically explains 
why the Elbe Estuary is experiencing oscillation of flood/ebb dominance. 
However, it must be pointed out that in reality the river discharge keeps changing 
instead of being constant which drives far more complex system shifts and 
therefore complex oscillation of flood/ebb dominance. SLR decreases Ahc (Fig. 
4.7) mainly because SLR increases channel depths and thus the channel area 
relative to the sandbars area is enlarged. Therefore less convex hypsometry curves 
and smaller Ahc are obtained. The resulting medium scale oscillation frequency is 
about 600 years which is longer than previous estimations of 100 years [Pethick, 
1994]. A possible reason is that the model is only forced by constant tides with 
absence of wind and wave forcing to compromise the computation time. The wave 
may enhance the sediment transport by considering the stirring effect of wave 
motion on the sediments [Van Rjin, 2007], and subsequently accelerate the 
oscillation. Besides, the variation of river discharge may also take responsibility 
for speeding up the oscillation. In addition, the hypsometry curves only describe 
the relative changes of channel and shoal areas instead of directly describing the 
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flood/ebb dominance, thus a quantitatively study of hypsometry and flood/ebb 
dominance is envisaged for future studies. 
As mentioned previously, in reality the estuary may experience both flood and ebb 
dominance at different locations in different time. In this study, the spatial scale is 
simplified and reduced to one dimension to illustrate the flood/ebb dominance 
over time. The spatial characteristics of flood/ebb dominance are not in the focus 
of this study and therefore neglected. This assumption helps illustrate the 
flood/ebb dominance and brings simplicity and better interpretation to the results 
analysis.  
Modelling results with SLR is in agreement with previous studies: SLR enhances 
the flood dominance and estuarine infill [Dronkers, 2005] and reduces the 
sediment transport of the estuary [Robins and Davies, 2010].  However, there is 
only one scenario of SLR simulated in this study. The influence of different SLR 
rates on the results needs to be systematically investigated in future.  
4.6  Conclusion 
The mutual developent of meso scale morphology and flood/ebb dominance of a 
funnel-shaped, tidal-dominated estuary has been studied with a long term 
schematized morphodynamic model. Using dimensions and characteristics similar 
to the German North Sea coast Elbe Estuary the model was run for 6000 years. 
Some features of the simulated morphological evolution does compare to 
historical maps. The oscillation of flood/ebb dominance is analysed by illustrating 
the signal of sediment volumes of the domain. The oscillation frequency is further 
determined by decomposing the signal and three frequencies of flood/ebb 
dominance are found regarding to time scale of tide, hundreds years and 
thousands years.  
Hypsometry curves are employed to highlight the morphological features of 
channel-shoal patterns and oscillation of flood/ebb dominance in time scale of 
hundreds years. Although the sediment volumes and hypsometry are used to 
highlight flood/ebb dominance under different time scales, still they show similar 
patterns with a coefficient of determination (R2) of 0.8. Sensitivity analysis 
implies that the long term annual averaged river discharge plays an important role 
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for oscillation of flood/ebb dominance of the estuary. Imposed sea level rise 
reduces the ebb flow enhancement by frictional effects and enhances the flood 
dominance and consequently increases estuarine infill. 
Acknowledgement 
This study was funded through DFG-Research Center / Excellence Cluster “The 
Ocean in the Earth System” at the MARUM at the University of Bremen. The 
authors express sincere gratitude to the Federal Maritime and Hydrographic 
Agency (BSH) of Germany for providing observed bathymetric data for this 
research. 
References 
Ahnert, F., 1960. Estuarine meanders in the Chesapeake Bay area. Geographical 
Review 50, 390–401. 
Bagnold, R.A., 1966. An approach to the sediment transport problem from general 
physics. Geological Survey Professional 422-I US Geological Survey, DOI, 
USA. 
Bobins, P.E., Davies, A.G., 2010. Morphological controls in sandy estuaries: the 
influence of tidal flats and bathymetry on sediment transport. Ocean Dynamics 
60, 503-517. 
Boehlich, M., Strotmann, T., 2008. The Elbe Estuary. Die Küste 74, 288-306. 
Boon, J.D., 1975. Tidal discharge asymmetry in a salt marsh drainage system. 
Limnology and Oceanography 20, 71-80. 
Brown, J.M., Davies, A.G., 2010. Flood/ebb tidal asymmetry in a shallow sandy 
estuary and the impact on net sand transport. Geomorphology 114, 431-439. 
Chu, K., Winter, C., Hebbeln, D., Schulz, M., 2013. Improvement of 
morphodynamic modelling of tidal channel migration by nudging. Coastal 
Engineering 77, 1-13. 
Dastgheib, A., Roelvink, J.A., Wang, Z.B., 2008. Long term process-based 
morphological modelling of the Marsdiep Tidal Basin. Marine Geology 256, 
90-100. 
 - 76 -   
Chapter 4                            Paper III 
De Vriend, H.J., 1996. Mathematical modelling of meso-tidal barrier island coasts: 
Part I. Empirical and semi-empirical models. In: Liu, P.L.-F., (Eds.), 
Advances in Coastal and Ocean Engineering, vol. 2, pp. 115-149. 
Dissanayake, D.M.P.K., Roelvink, J.A., van der Wegen, M., 2009. Modeled 
channel patterns in a schematized tidal inlet. Coastal Engineering 56, 1069-
1083. 
Dissanayake, D.M.P.K., 2011. Modelling morphological response of large tidal 
inlet systems to sea level rise. Ph.D. thesis, Delft University of Technology, 
Delft, the Netherlands. 
Dronkers, J.J., 1986. Tidal asymmetry and estuarine morphology. Journal of Sea 
Research 20 (2/3) 117-131. 
Dronkers, J.J., 2005. Dynamics of Coastal Systems, Advanced Series on Ocean 
Engineering, vol. 25, World Scientific. 
Dyer, K.R., 2000. Preface to the special issue on intertidal mudflats. In:  
Nearshore and Coastal Oceanography (Huntley, D.A., Oltman-Shay, O., Eds). 
Continental Research 20 (10-13), 1037-1038. 
Dyer, K.R., Christie, M.C., Wright, E.W., 2000. The classification of intertidal 
mudflats. In:  Nearshore and Coastal Oceanography (Huntley, D.A., Oltman-
Shay, O., Eds). Continental Research 20 (10-13), 1039-1060. 
Emery, K.O., 1979. Hypsometry of the continental shelf off eastern North 
America. Estuarine, Coastal and Shelf Science 9, 653-658. 
Engelund, F., Hansen, E., 1967. A Monograph on Sediment Transport in Alluvial 
Streams. Teknisk Forlag, Copenhagen. 
Ewa, P., 2008. Estuaries-Types, role and impact on human life. Baltic Coastal 
Zone 12, 21-37.  
Friedrichs, C.T., Aubrey, D.G., 1988. Non-linear tidal distortion in shallow water 
well-mixed estuaries: a synthesis. Estuarine, Coastal and Shelf Science 27 (5), 
521–545. 
Friedrichs, C.T., Aubrey, D.G., 1996. Uniform bottom shear stress and 
equilibrium hypsometry of intertidal flats. In: Mixing in Estuaries and Coastal 
Seas (Pattiaratchi, C., Ed.). Coastal and Estuarine Studies 50. American 
Geophysical Union, 405-429. 
 - 77 -   
Chapter 4                            Paper III 
Galloway, W.E., 1975. Process framework for describing the morphologic and 
stratigraphic evolution of deltaic depositional systems. In: Broussard, M.L. 
(Eds.), Deltas, Models for Exploration. Houston Geological Society, Houston, 
pp.87-98. 
Geleynse, N., Storms, J.E.A., Walstra, D.J.R., Jagers, H.R.A., Wang, Z.B., Stive, 
M.J.F., 2011. Controls on river delta formation: insights from numerical 
modelling. Earth and Planetary Science Letters 302, 217-226. 
Gerritsen, H., Berentsen, C.W.J., 1998. A modelling study of tidally induced 
equilibrium sand balances in the North Sea during the Holocene. Continental 
Shelf Research 18, 151-200. 
Hibma, A., Schuttelaars, H.M., Wang, Z.B., 2003a. Comparison of longitudinal 
equilibrium profiles of estuaries in idealized and process-based models. Ocean 
Dynamics 53 (3), 252-269. 
Hibma, A., de Vriend, H.J., Stive, M.J. 2003b. Numerical modelling of shoal 
pattern formation in well-mixed elongated estuaries. Estuarine, Coastal and 
Shelf Science 57, 981-991. 
Hibma, A., Stive, M.J.F., Wang, Z.B., 2004. Estuarine morphodynamics. Coastal 
Engineering 51, 765-778. 
Ikeda, S., 1982. Lateral bed-load transport on side slopes. Journal Hydraulics 
Division, ASCE 108 (11). 
Jelgersma, S., 1979. Sea level changes in the North Sea basin. In Proc. Symp. 
Uppsala: Annum Quingentesium Celebrantis: The Quarternary History of the 
North Sea, Acta University  Uppsala, Uppsala. 
Jiang, C.J., Li, J.F., de Swart, H.E., 2012. Effects of navigational works on 
morphological changes in the bar area of the Yangze Estuary. Geomorphology 
139-140, 205-219. 
Kang, J.W., Jun, K.S., 2003. Flood and ebb dominance in estuaries in Korea. 
Estuarine, Coastal and Shelf Science 56 (1), 187-196. 
Kappenberg, J., Schymura, G., Fanger, H.-U., 1995. Sediment dynamics and 
estuarine circulation in the turbidity maximum of the Elbe River. Netherlands 
Journal of Aquatic Ecology 29 (3-4), 229-237. 
Latteux, B., 1995. Techniques for long term morphological simulation under tidal 
action. Marine Geology 126, 129-141. 
 - 78 -   
Chapter 4                            Paper III 
Lessa, G., Masselink, G., 1995. Morphodynamic evolution of a macrotidal barrier 
estuary. Marine Geology 129, 25-46. 
Lesser, G.R., Roelvink, J.A., van Kester, J.A.T.M., Stelling, G.S., 2004. 
Development and validation of a three-dimensional morphological model. 
Coastal Engineering 51, 883–915. 
Orton, G.J., Reading, H.G., 1993. Variability of deltaic processes in terms of 
sediment supply, with particular emphasis on grain size. Sedimentology 40, 
475-512. 
Pethick, J.S., 1994. Estuaries and wetlands: function and form. Wetland 
Management. Thompson Telford, London. 
Pritchard, D.W., 1956. The dynamic structure of a coastal plain estuary. Journal of 
Marine Research 15, 33-42.  
Ranasinghe, R., Swinkels, C., Luijendijk, A., Roelvink, J.A., Bosboom, J., Stive, 
M., Walstra, D.J., 2011. Morphodynamic upscaling with the MORFAC 
approach: Dependencies and sensitivities. Coastal Engineering 58(8), 806-811. 
Roelvink, J.A., Walstra, D.J., 2004. Keep it simple by using complex models. 
Advances in Hydroscience and Engineering V1, 1-11. 
Roelvink, J.A., 2006. Coastal morphodynamic evolution techniques. Coastal 
Engineering 53, 277-287. 
Speer, P.E., 1984. Tidal distortion in shallow estuaries.  Ph.D. Thesis, 
Massachusetts Institute of Technology. USA. 
Uncles, R.J., 2002. Estuarine physical processes research: some recent studies and 
progress. Estuarine, Coastal and Shelf Science 55, 829-856. 
Van der Molen, J., Van Dijk, B., 2000. The evolution of the Dutch and Belgian 
coasts and the role of sediment supply from the North Sea. Journal of Global 
and Planetary Change 27, 223-244. 
Van der Wegen, M., Wang, Z.B., Savenije, H.H., Roelvink, J.A., 2008. Long term 
morphodynamic evolution and energy dissipation in a coastal plain, tidal 
embayment. Journal of Geophysical Research 113, F03001. 
doi:10.1029/2007JF000898. 
Van der Wegen, M., Roelvink, J.A., 2008. Long term morphodynamic evolution 
of a tidal embayment using a two-dimensional, process-based model. Journal 
of Geophysical Research 113, C03016. doi: 10.1029/2006JC003983. 
 - 79 -   
Chapter 4                            Paper III 
 - 80 -   
Van der Wegen, M., Roelvink, J.A., 2012. Reproduction of estuarine bathymetry 
by means of a process-based model: Western Scheldt case study, the 
Netherlands. Geomorphology 179, 152-167. 
Van Rijn, L., 2007. Unified view of sediment transport by currents and waves. II: 
suspended transport. Journal of Hydraulic. Engineering 133(6), 668–689.  
Van Veen, J., 1950. Ebb and flood-channel systems in the Netherlands tidal 
waters (in Dutch, English summary). KNAG, 2e Series, Part 67. Republished, 
translated and annotated by Delft University of Technology, 2001. ISBN 
9040723389. 
Walcott, R.C., Summerfield, M.A., 2008. Scale dependence of hypsometric 
integrals: An analysis of southeast African basins. Geomorphology 96, 174-
186. 
Winter, C., 2011. Macro scale morphodynamics of the German North Sea coast. 
Journal of Coastal Research, SI 64 (Proceedings of the 11th International 
Coastal Symposium), Szczecin, Poland, ISSN 0749-0208, pp.706-710. 
Wolanski, E., 2007. Estuarine Ecohydrology. Amsterdam: Elsevier. ISBN 978-0-
444-53066-0. 
Yu, Q., Wang, Y.W., Gao, S., Flemming, B., 2012. Modelling the formation of a 
sand bar within a large funnel-shaped, tide-dominated estuary: Qiantangjiang 
Estuary, China. Marine Geology 299-302, 63-76. 
Zhou, X.Y., 2011. Morphodynamic response of Yangtze River Estuary to sea 
level rise and human interferences. Ph.D. thesis, Technical University of 
Darmstadt, Germany. 
 
 
Chapter 5      Concluding remarks and perspectives 
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In Chapter 2, the migration of the Jade Channel is investigated by means of a 
process-based, morphodynamic model and a proposed optimization scheme which 
combines model predictions and observations. The numerical model simulated the 
hydrodynamics in the channel to some extent, but failed to reproduce the erosion 
and deposition pattern well enough due to model shortcomings. An optimization 
scheme applied to the morphodynamic model was examined. The combination of 
model-predicted and observed morphological changes updates erosion and 
deposition patterns and also the bathymetry. The optimization scheme neglects the 
spatial correlation length scale for the definition of the background error 
covariance matrix in order to simplify the application of the DA method on 
complex models. The model-predicted and observed morphological changes over 
a 10-year period are combined with weights inversely related to their relative 
errors. The updated morphological changes and updated bathymetry are achieved 
by minimizing the total errors of predictions and observations by using a cost 
function. The updated bathymetry was then used as initial bathymetry for a second 
model simulation of the following 6-year period. The Brier Skill Score (BSS) was 
taken on evaluating the performance of numerical models. A BSS of 0.1 shows 
the improvement of the model performance by the optimization scheme although 
to a narrow extent. This study has shown the potential of optimization schemes in 
improving model predictive abilities.  
In Chapter 3, an improved DA method of nudging has been further tested for the 
migration of the Medem Channel in the Elbe Estuary. The nudging method is 
introduced to update the model-predicted bathymetries with observations. The 
model-predicted bathymetry is nudged towards true states in annual time steps. 
Sensitivity analysis of the correlation length scale, for the definition of the 
background error covariance matrix during the nudging procedure, suggests that 
the optimal error correlation length is similar to the grid cell size, here 80-90 m. 
Additionally, spatially heterogeneous correlation lengths produce more realistic 
channel depths than do spatially homogeneous correlation lengths. Consecutive 
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application of the nudging method compensates for the (stand-alone) model 
prediction errors and corrects the channel migration pattern, with a Brier Skill 
Score of 0.78. The introduction of spatial heterogeneous correlation length scale 
for definition of background error covariance is novel in the context of 
morphohdyanmic modelling because morphological features often have spatial 
heterogeneous character, e.g., the observed Medem Channel migration from South 
to the North. It is recommended to take the dimension and orientation of case-
dependent morphological patterns into account in the implementation of DA for 
future studies.  
In Chapter 4, instead of simulating tidal channel migration, an alternative has been 
selected to illustrate and interpret the key process of channel-shoal patterns in a 
schematic domain with similar dimensions as the Elbe Estuary by an idealized 
model. The complex channel-shoal pattern of estuaries is a product of tidal 
asymmetry and resulted flood/ebb dominance of estuary. The oscillation of 
flood/ebb dominance is analysed by illustrating the signal of sediment volumes of 
the domain. The oscillation frequency is further determined by decomposing the 
signal and three frequencies of flood/ebb dominance are found: A long term 
system adaptation, a meso scale oscillation and the upscaled direct tidal boundary 
effects. Hypsometry curves are employed to highlight the morphological features 
of channel-shoal patterns and oscillation of flood/ebb dominance in meso time 
scale. Although the sediment volumes and hypsometry are used to highlight 
flood/ebb dominance under different time scales, still they show similar patterns 
with a coefficient of determination (R2) of 0.8. Sensitivity analysis implies that the 
long term annual averaged river discharge plays an important role for oscillation 
of flood/ebb dominance of the estuary. Imposed sea level rise reduces the ebb 
flow enhancement by frictional effects and enhances the flood dominance and 
consequently increases estuarine infill. 
There are still considerable room and possibilities for improving the study of tidal 
channel migration and channel-shoal patterns based on the current findings: 
1. Observation errors should be assessed based on several sources of 
observed bathymetric datasets, such as satellite altimetry, multibeam echo 
soundings, field surveying, etc. Here, due to the limited availability of 
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bathymetric datasets, observation errors are approximated by the 
difference between bathymetric data and a smoothed digital elevation 
model based upon this data. This approach is regarded to be acceptable 
because the variance of ‘noisy’ and uneven observation samples can be 
related to observation errors. However, multisource observations are 
recommended in order to accurately define observation error covariances 
in future studies. 
2. The nudging method is applied to update the model predictions; model 
parameter estimation is not carried out. To improve the application of DA 
on morphodynamic models, more complex model parameter estimation via 
DA schemes is envisaged for future studies. 
3. In order to illustrate the frequency of the flood/ebb dominance of estuaries 
the spatial scale is simplified by illustrating the signal of sediment volumes 
of the domain. This assumption helps illustrate the flood/ebb dominance 
throughout the whole estuary over 6000 years, which brings simplicity to 
the analysis of results and leads to a clear understanding of the key 
process. The spatial characteristics of flood/ebb dominance are therefore 
neglected. However, it may show flood/ebb dominance patterns in space 
which are necessary for future investigations. In addition, a systematic 
study of different SLR scenarios on the resulted estuarine morphology 
would be an interesting topic for future studies.  
Hopefully these issues can be addressed in the future. 
 
